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HO10721
ABSTRACT

An analytical study of a catalytic ignition system to promote hydrogen-oxygen
combustion was performed in order to establish procedures capable of predicting
the steady~-state behavior of the system. The study included the development of
a computer program which is used to calculate the steady-state axial temperature
and reactant concentration profiles in typical reaction chamber configurations.
The computer program is based upon a mathematical model of the reactor system which
considers both thermal and catalytic reaction of hydrogen and oxygen, along with
simultaneous heat and mass transfer between the free-gas phase and the gas within
the pores of the catalyst pellets. The computer program has been used to evaluate
the effects of chamber pressure, feed temperature, stoilchiometry, helium dilution,

mass flow rate and catalyst bed configuration on the steady-state behavior of the
reactor systen.
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This work was performed by United Aircraft Research Laboratories for the
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August 28, 1968.
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Center and the Technical Mansger was Mr. P. N. Herr, NASA Lewls Research Center,
Cleveland, Ohio.
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SUMMARY

The Research Laboratories of United Aircraft Corporation under contract
with the National Aeronautics and Space Administration are performing an analy-
tical study of a catalytic ignition system to promote hydrogen-oxygen combustion.
This final technical report summarizes the first phase of this work which was
performed under Contract NASW-1T795 from August 28, 1968 to May 28, 1969. Work
during this period has included the development of a computer program which is
used to calculate the steady-state axial temperature and reactant concentration
profiles in typical reaction chamber configurations., The computer program is
based upon a mgthematical model of the reactor system which considers botn thermal
and catalytic reaction of hydrogen and oxygen, along with simultaneous heat and
mass transfer between the free-gas phase and the gas within the pores of the
catalyst pellets. The possibility that water vapor produced by catalytic reaction
within hot catalyst particles might condense or freeze in the colder bulk gas phase
has been taken into account in the model. The compuber program has been used to
evaluate the effects of chamber pressure, feed temperature, stolchiometry, helium
dilution, mass flow rate and catalyst bed configuration on the steady-state behavior
of the reactor system.
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INTRODUCTTION

Effective design of a catalytic ignition system to promote hydrogen-oxygen
combustion requires the capability for predicting the effects of the design and
operating characteristics of the reactor system on the transient and steady-
state performance of the system. This general capability did not exist although
the feasibility of using catalysts to promote hydrogen-oxygen combustion had been
demonstrated in a number of experimental investigations (Refs. 1, 2 and 3). These
investigations did not adequately assess the effects on reactor performance of such
parameters as chamber pressure, feed temperature, stoichiometry, mass flow rate,
and catalyst size distribution. Nor did these investigations adequantely specify
ignition limits or ignition delay times. To achieve this information, a compre-
hensive theoretical analysis is required which considers the simultaneous processes
of heat transfer, diffusion, and chemical reaction in the catalytic reactor. Such
an analysis had already been performed at UARL for catalytic reactors which promote
hydrazine decomposition (Refs. 4, 5 and 6). Computer programs had been developed
to predict both steady~state and transient performance of these reactors. Prelimin-
ary investigations &t UARL indicated that these computer programs could be extended
to predict the steady-state and transient performance of the hydrogen-oxygen system.

Based upon the above investigations,a comprehensive analytical program
directed initially at the steady-state analysis was formulated with the objectives
of (a) extending the analysis for predicting the steady-state temperature and
concentration distributions in monopropellant hydrazine catalytic reactors to the
bipropellant hydrogen-oxygen system, (b) developing a computer program based on
this extended analysis, (c) performing calculations using this computer program to
demonstrate the effects of various system parameters on the steady-state perfor-
mance of the reactor, and thus to define the regimes in which ignition is possible,
and (d) defining the processes controlling the overall reaction rate in different
regions of the reaction system in order to facilitate adaptation of the transient
analysis of hydrazine catalytic reactor to the hydrogen-oxXygen system. This effort
is described in detail in succeeding sections of this report.
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DISCUSSION

Steady-State Model of Hydrogen-Oxygen Catalytic Ignition System

The analysis of a catalytic ignition system to promote hydrogen-oxygen com-
bustion pertains to a reaction chamber of arbitrary cross section packed with
catalyst particles into which hydrogen and oxygen are injected with and without
an inert carrier gas. Catalyst particles are represented as "equivalent" spheres
with a diameter taken as a function of the particle size and shape. Both thermal
and catalytic reaction of hydrogen and oxygen are considered in developing equations
describing the concentration distributions of these reactants. Diffusion of reac-
tants from the interstitial (free-gas) phase to the outside surface of the catalyst
pellets is taken into account. Since the catalyst material is impregnated on the
interior and exterior surfaces of porous particles, the diffusion of reactants into
the porous structure must also be considered. In addition, the conduction of heat
within the porous particles must be considered since thé hydrogen-oxygen reaction

%4 1s accompanied by the evolution of heat. The possibility that water vapor pro-
duced by catalytic reaction within hot catalyst particles might condense or freeze
in the colder bulk gas is also taken into account in the model.

The general equations describing the rates of change with axial distance
of the weight-fractions of each of the chemical species in the interstitial phase
are

| Ha H2 _ HZ}‘ .
— -3 I hom® + k¢ “Ap [ o (cpds (1)
0 0
aw;%2 m 02 0, 02 0211
gz G % om® S e T Re Ao |G T epls =
w20 l . v 20 k‘Héx” [ HOW) : Hd)h)})
%7 % & | 'hom Gz e Ap |G Cp's f (3)
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He
W ()
dz

The rates of change of species concentrations with axial distance are then given by

J J
dz Pi g7 bodz
where | dp | Hots) o) aw, H;0(s) aw, H50(£)
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Pi dz ) dz dz
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WY dz 2wy
J
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Heat and mass transfer coefficients may be estimated from (Ref. T)

Ap K (8)
K BIG ( 7 \—667 G \\—.41 )
IR VAT B WP ()

In the entrance region of the reactor, where the temperature in the interstitial
phase is low enough to cause freezing of the water vapor diffusing out of the catalyst
particles, the change in enthalpy of the interstitial phase with axial distance is
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given by

dh;
az
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In this "ice region"

HyO H,0 (s)
dw; t dwi 2
az 0z
(11)
In the higher temperature, "ice-liquid region" of the reactor, the change in
enthalpy of the interstitial phase with distance is given by
a h, [ [, _ ]
e P nemd e A LT - T
(s}
h: — h.
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i
and the rates of change of ice and ligquid weight-fractions are given by
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where, at a fixed axial position, z, in the ice-liquid region, the enthalpy required
for melting the ice existing at that position may be calculated from

- H~0 (s}
.h /3 2L s (z)
1

h' s oh(2) + Antw

(15)

At still higher temperatures, where water exists in liquid form in the interstitial
phase, the change in enthalpy with distance is given by

T - —— T -
dz G Hhom 4:Ac Ap ‘i (Tpg]
H50(v) Ho0(v) HO(v)
2 2 2 ¢ .
+ k¢ AD[Ci - {cpls HAH }} (16)
In this "liquid region"
H,0 HO (2)
aw'®  aw?®
az adz
(17)
In the "ligquid-vapor region" of the reactor, the change in enthalpy with axial
distance is given by
a'h; | .
a7z G {' hom C
o
H20(v) _H20(v) H20(v) c( hi-hj )] g
+ K¢ Ap {C\ ~cp s O - @ /) .
N 1 — i i
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and the rates of change of liquid and water vapor weight-fractions are given by

aw, "20P gw,"2% [ n{®" —n, ah,

i
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H,0(v)
W, 2

= + .
dz dz R0 (-v) _ (lw dz (20)

where, at a fixed axial position in this region, the enthalpy required for vaporizing
the liguid existing at that position may be calculated from

hy(4-v h,(z) + AHCw;Hﬂxin)

(21)

In the high temperature, all wvapor, region of the reactor, the change in enthalpy
with distance is given by

Zg_i F— -é—'{HrhomS + }L’CAD [Ti —(TD)S]}
(22)
and
dw,Hzo ] dWiHZO(V)
az T a2z
(23)

Species concentrations and temperatures at the outside surfaces of the catalyst
particles can be determined, together with the concentration and temperature profiles
throughout the particles, using an integral equation method described in Appendix I.

t should be noted that under steady-state conditions, successful operation of the
hydrogen-oxygen catalytic ignition system requires that water produced by catalytic
reaction remain as vapor within the catalyst particles. ©Should the partial prescurs
of water vapor exceed the vapor pressure at any point within a catalyst pellet,
condensation (or freezing) of water vapor within the porous structure would "poison"
the catalyst and prevent further reaction.

Finite difference methods have been used to program for digital computation
the differential equations describing the changes with axial distance of enthalpy
and species concentrations in the interstitial phase. These equations are solved
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simultaneously with the integral'eqpations describing the diffusicnal processes
within the pores of the catalyst particles at each of & number of axial positions
in the reaction chamber. The number and sizes of axial increments into which the
reactor is divided are determined relative to the local rates of change of enthalpy

of the interstitial phase with axial distance. A listing of the computer program is
contained in Appendix II.

Kinetics Information

A number of investigators have assenmbed kinetics information for the gas phase
reaction of hydrogen and oxygen (Refs. 8, 9 and 10). While the reported reaction
rates are all quite low for even the highest temperatures of interest here, the
activation energies and orders of reaction reported in these studies are in serious
disagreement. - A rate expression which agrees fairly well with the data reported in
Ref. 10 and with the overall order of the reaction reported in Ref. 8 was chosen
for use in this work, since the results given in Ref. 10 were obtained in a
reactor similar to the one of interest here. The exXpression is

Tpom = 0.16 x 101k ciHé cio2 e'35’800/T5L 1bs H, reacted/ft3-sec

(

1 o) -19,88 .
0.10 x 10 3 ciﬁé cs 2 o719 9/T3 kg Hy reacted/m3-sec) (2%)

where the concentrations are in 1b/ft3 (kg/m3) and T; is in deg R (deg K).

Estimating the chemical kinetic rate law and constants appropriate to the
catalytic reaction of hydrogen and oxygen is quite difficult. Although a substantial
number of experimental investigations have been conducted with this objective, the
results of various investigators differ considerably for diverse conditions of con-
centration, temperature and catalyst. These results indicate that, even for low
temperature reaction on platinum family metals, the reaction mechanism changes
with gas composition. Reaction of chemisorbed oxygen with hydrogen molecules in
the gas phase appears to be the rate-controlling step in systems where excess
oxygen is present, while this relatively slow reaction does not seem to influence
the overall reaction rate in systems containing excess hydrogen. For low tempera-
ture, hydrogen. rich systems,Miller and Deans (Ref. 11) and Maymo and Smith (Ref. 12)
report on activation energy of approximately 5.5 kcal and an order of reaction with
respect to oxygen of 0.8. 1In the latter study, the rate of reaction was found to
be uninfluenced by the presence of water in the vapor phase. No work was done in
these studies to estimate the order of reaction with respect to hydrogen. In the
present work the results of Refs. 11 and 12 were used together with an assumed
first order dependence of reaction rate on hydrogen concentration to get a
reaction rate expression of the form¥: '

#The assumption of first order kinetics with respect to hydrogen should not introduce
any great error in the rate expression so long as the expression is applied to a systenm
where hydrogen is present in large eXcess.

9]
o
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]

H O Oo had
Thet acy 2 (cp?) 8 5000/Ty, 1bs H, reacted / ft3-sec

(= O.llachH2 (CPOQ) 0.8 -2T78/Ty ' kg H, reacted / m3-sec
(25)

where Ty is in deg R (deg K). The rate constant, « , is specific to the type and
structure of the platinum family metal employed.

It was originally intended to estimate « for a particrlar catalyst by using
the steady~state program to find the value of a for which calculated axial tempera-
ture profiles exhibited the best agreement with temperatures measured in engine tests
being performed by TRW. Although these temperature measurements are not yet avail=-
able, preliminary test results (Ref. 13) indicate that, under steady-state conditions,
reaction on Shell 405 catalyst may be so fast that the hydrogen-oxygen reaction may
be diffusion-controlled throughout the reactor. That is, the value of « for the
Shell catalyst may be so high that reaction occurs essentially instanteously upon
contact of the reactants with the catalyst surface.

Results of Calculations

‘Sample calculations have been made using the computer program to test the
effectiveness of the steady-state model as well as to predict temperature and
concentration profiles in typical cétalytic ignition systems. Calculations have
been made using a value of the catalytic reaction rate constant, « , high enough
to insure that the hydrogen-oxygen reaction was diffusion-controlled throughout
the reactor. The results of one computer run are plotted in Figs. 1 through 3
for a reactor packed with 14-18 mesh catalyst particles and for a nominal chamber
pressure of 10 psia (6.89 x 10* N/m?),a mixture ratio of 1.0 1b Oo/1b Hy, an inlet
temperature of 210 deg R (117 deg K), and no helium dilution. The calculations were
made for a reaction chamber 0.5 in. (0.013 m) long and 0.87 in. (0.022 m) in diameter, -
with a total propellant flow of 0.0053 1b/sec (0.0024 kg/sec); this corresponds to
a mass flow rate of 1.28 1b/ft2-sec (6.25 kg/m2-sec). In order to accommodate this
rather high flow rate in this low pressure system, the upstream chamber pressure
was taken as 30 psia (2.07 x 109 N/m?) (in subsequent calculations at lower flow
rates the upstream chamber pressure was lowered correspondingly). The calculated
axial temperature and chamber pressure prdfiles for this reference case are shown
in Fig. 1. The axial concentration profiles for hydrogen, oxygen, and water (sclid,
liquid and vapor) are shown in Fig. 2 and the associated mole-fraction profiles are
illustrated in Fig. 3.

The effect of feed temperature on the axial temperature profile associated
with the reference case cited above is depicted in Fig. k. Also illustrated in
Fig. L4 is the effect of feed temperature for a reaction chamber packed with 1/16 in.
(0.16 x 16-2 m) diameter spheres; all other conditions were taken as those of the
reference case., It should be noted that the temperature profiles associated with

el
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the smaller (14-18) mesh particles are steeper because heat and mass transfer rates
vary inversely with particle size,

The effect of stoichiometry on temperature profiles is illustrated in Fig. 5
for both the reference case and for the bed configuration consisting of 1/16 in.
(0.16 x 102 m) spheres. In each of the curves illustrated here the inlet oxygen
concentration was fixed at the same value used in the reference case and mixture
ratios gbove 1.0 were achieved by replacing the appropriate amount of hydrogen with
helium. Under these conditions, the higher mixture ratios result in higher gas
temperatures because helium has a lower heat capacity than hydrogen.

The effect of helium dilution on temperature distributions is shown in Fig. 6
for the two bed configurations. Here the mixture ratio was fixed at 1.0 and various
amountsof diluent gas were added to the inlet mixture. Here temperatures decrease
with increasing helium concentration simply because there is less oxygen to react.

The effects of mass flow rate on axial temperature profiles are illustrated
in Figs. 7 through 9 for both bed configurdtions and for three different inlet
helium concentrations. In Fig. 7 the effect of varying the mass flow rate from
0.26 1b/ft°-sec (1.27 kg/m2-sec) to 1.28 1b/ft2-sec (6.25 kg/m2-sec) is illustrated
for a system with no helium dilution. Axial temperature profiles are plotted for
various mass flow rates in Fig. 8 for an inlet helium weight-fraction of 0.25
and in Fig. 9 for an inlet helium weight-fraction of 0.50,

In order to evaluate the effects of higher chamber pressure and higher mass
flow rates on the steady-state behavior of these reactors, calculations were made
for a reactor 0.43 in. (0.011 m) in diameter, with the total propellant flow
remaining at 0.0053 1b/sec (0.0024 kg/sec); this corresponds to a mass flow rate
of 5.24 lb/ftg-sec (25.6 kg/m2-sec). The nominal chamber pressure was taken as
100 psia (6.89 x 105 N/m2) while the other reactor design and operating conditions
were chosen as those of the reference case cited previously. The calculated axial
temperature and chamber pressure profiles for this case are shown in Fig. 10. The
axial concentration profiles for hydrogen, oxygen and water are shown in Fig, 11
and the associated mole~fraction profiles are illustrated in Fig. 12.

Tor this higher pressure reactor, the effects of mass flow rate on axial
temperature profiles are illustrated for a reactor packed with 14-18 mesh particles
and for a reactor packed with 1/16 in. (0.16 x 10-2 m) spheres in Figs. 13 through
15, Calculations were made for a mixture ratio of 1.0 and for mass flow rates
varying between 1.05 1b/ft2-sec (5.12 kg/m2-sec) and 5.25 1b/ft2-sec (25.6 kg/me-s=c).
The results of these calculations are plotted in Fig. 13 for a system with no helium
diiution, in Fig. 14 for an inlet helium weight-fraction of 0.25, and in Fig. 15 for
an inlet helium weight-fraction of 0.50.

10
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Definition of Rate-Controlling Processes

As noted previously, preliminary indications (Ref. 13) are that, under steady-
state conditions, diffusion of reactants from the free-gas phase to the surface of
the catalyst particles may control the rate of the hydrogen-oxygen reaction through-
out the reactor. Although the calculated results described in the preceding section
were based on this assumption, further validation is reguired using detailed engine
test data. If the assumption is valid, it implies that at steady-~-state, catalyst
particle temperatures at an axial position near the inlet of the reactor are con-
siderably higher than the bulk fluid temperature at the same axial position. It
is apparent that this same condition cannot exist in the early stages of transient
operation if the catalyst bed is initially at a temperature close to the inlet
propellant temperature. In the latter case the reaction rate may well be controlled
by diffusion and reaction within the porous catalyst particles. A transient model
of a hydrogen-oxygen catalytic ignition system should therefore consider both film
and pore diffusion of heat and mass as well as the chemical kinetics of catalytic
reaction of hydrogen and oxygen. In addition, consideration should be given to
the effects on transient reactor behavior of the temporary reduction in catalyst
activity caused by capillary condensation or freezing of water in cold catalyst
particles.
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LIST OF SYMBOLS

a Radius of spherical catalyst particle, £t (m)

AP Total external surface of catalyst partigle per unit volume of bed, ft'l(m'l)
cy Reactant concentration in interstitial fluid, 1b/ft3 (kg/m3)

Cp Reactant concentration in gas phase within the porous catalyst pérticle,

1b/£t3 (kg/m3)

Ce Specific heat of fluid in the interstitial phase, Btu/lb-deg R (Cal/kg-deg K)

EE Average specific heat of fluid in the interstitial phase, Btu/lb-deg R
(Cal/kg-deg K)

Di Diffusion coefficient of reactant gas in the interstitial phase, fte/sec
(me/sec)

DD Diffusion coefficient of reactant gas in the porous particle, ftg/sec

) (m?/sec)

G Mass flow rate, 1b/ft2-sec (kg/m®-sec)

hy Enthalpy, Btu/lb (Cal/kg)

hi(s> Enthalpy at the Ice/Ice-Liquid interface, Btu/lb (Cal/kg)

hi(s'z) Enthalpy at the Ice-Liquid/Liquid interface, Btu/1b (Cal/kg)
hi(i) Enthalpy at the Liquid/Liquid-Vapor interface, Btu/l1b (Cal/kg)

hi(f‘v) Enthalpy at the Liquid-Vapor/Vapor interface, Btu/1b (Cal/kg)

A ﬁc Heat transfer coefficient, Btu/ftg—sec-deg R (Cal/mQ-sec-deg K)
H Heat of reaction, Btu/lb (Cal/kg)
AHC Heat of condensation, Btu/lb (Cal/kg)
\EE Heat of fusion, Btu/lb (Cal/kg)
ke ‘Mass transfer coefficient, ft/sec (m/sec)
¥ Thermal conductivity of the porous catalyst particle, Btu/ft-sec-deg R

(cal/m-sec-deg X)

1k
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M Molecular weight, 1b/1b mole (kg/kg mole)

M Avérage molecular weight, 1b/1b mole (kg/kg mole)

P Chamber pressure,psia (N/m?)

Thet Rate of (heterogeneous) chemical reaction on the catalyst surfaces,
1b/ft3-sec (kg/mB-sec)

Thom Rate of (homogeneous) chemical reaction in the interstitial phase, 1b/ft3-sec
(kg/m3-sec)

T Temperature, deg R (deg K)

w3 Wéigﬁt fraction of reactant in interstitial phase

X Radial distance from the spherical catalyst particle, ft (m)

z Axial distance, ft (m)

o Catalytic reaction rate constant

o Interparticle void fraction

7 Viscosity of interstitial fluid, 1b/ft-sec (kg/m-sec)

P Density of interstitial fluid, 1b/ft3 (ke/m3)

Subscripts

F Refers to feed

i Refers to interstitial phase

1) Refers to gas within the porous catalyst particle

s Refers to surface of catalyst particle

Superscripts

H50(s) Refers to water in the solid phase

HQO(ﬂ) - Refers to water in the 1liquid phase

Hzé(v) Refers to water in the vapor phase

J Refers to chemical species (e.g. H,, 02, HpO, He)

(v)

Refers to vapor phase
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APPENDIX T

Generalization to Multireactant Systems of the Integral Method
used to Evaluate the Effects of Heat and Mass Diffusion
on Reaction Rates in Porous Catalyst Particles

The system under consideration is a spherical porous catalyst pellet which
is surrounded by a stagnant film of fluid. Reactant molecules must diffuse through
this film and into the interstices of the porous particle before reacting on the
catalytic surfaces. 1In describing the diffusion of mass within a porous pellet, 1t
is assumed that Fick's law applies and that changes in the mass density of fluid
within the particle are negligible relative to changes in concentrations of the
reacting species. Fourier's law is used to describe heat conduction within the
catalyst pellet. Pressure changes within the particle resulting from non-equimolar
diffusion are neglected as is heat transported by pore diffusion of mass, Heat and
mass transfer coefficients are used to describe film diffusion of heat and mass.
Assuming constant diffusion coefficients, Dp, and thermal conductivities, K, within
the porous structure, the equations describing heat and mass transfer of a single
reactant in a catalyst particle may be written as

2 ) (1-1)
DpVECy = fhet =0

2
KpVETp = Hrpey = 0 (1-2)

where the concentration, Cps and rate of reaction, ryet, are expressed in mass units.
The boundary conditions which consider diffusion of heat and mass through a film
surrounding a spherical particle are

dcp
Op \ 77— = ke fci - s
P (dx >s [C (Cp) ] (1-3)
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Using Egs. (I-1) and (I-2), Prater (Ref. 14) has pointed out that temperature
and concentration are related quite simply by

To = (Tp)g * “'% [(Cp)s‘cp]~
(1-5)

The use of this relationship enables the reaction rate, rhet, to be written, for
given surface conditions, as a function of concentration alone instead of concen-
tration and temperature. It is only necessary, then, to solve Eg. (I-1) with
Thet = Thet (c ), subject to boundary conditions (I-3) and (I-k). The solution
is derived in- Refs. 5 and 15 as an implicit integral equation given by

x
Cp(x) = ¢ - {% - a—k;_Z-;(Sgi\ f 62 rhefoicp) d{
I[Lk ]gz_tm_(_ledg
X & aZke (1-6)

Equation (I-6) can be solved numerically to determine the concentration at any point
in a porous particle in terms of cji, the concentration in the bulk fluid. Because

of the dependence of the reaction rate, Ipet, on particle surface temperature, (T )
and reactant concentratlon (cp)s, it is necessary to solve Eq. (I 5%81multaneously
with Eqs. (I-3) and (I-4) to determine the concentration profile within the particle.
Numerical methods have been developed to accomplish this and these have been programmed

for digital computation.

N An important generalization of the integral method presented above involves a
description of multiple reaction systems. Consider a reacting system where

aA + bB+ . . . ~» tT+ . . ..
t ig apparent thal Llhe rate of the reaction can be expregsed in terms of any of
the reactants or products; however, the rate may be a function of the concentration

of any or all of those species. The concentration profile of any speciles within a
porous catalyst particle must then be determined by simultaneous solution of

A A A A T . :
DPVZCD ~ Thet (Cp’ Cpy --vs CD”"’TD) 0 (I-7)

N
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B (1-8)
B 2.8 b M A A B T -
Dp v Cp ~— EW het (Cp,Cp, ,Cp,...,Tp) =0
0T veeT 4 t M’ A /A B T
PP a M2 het (cp cp L CpreenTp) = 0 (1-9)
and
2 A_A A B T 3
Kp VETp = Hing (CpCpaevanCpy ey Tp) = O
(1-10)

where the diffusion coefficients and thermal conductivities are again taken as con-
stant, and the heat of reaction, HA, 1s expressed in terms of heat absorbed per
unit mass of species A. The boundary conditions which consider film diffusion of
mass and heat are

a (9Cp A . AT A A
O \Tx)s = Ke |G~ (Cpls) (1-11)
B (dcp\ B bMB A [dco\ A B[ 8 8
—=p = =P - -
P (dx >s_ am? Pp (dx )s = ke [Ci (cp)s]
. . . (r-12)

T A

dcp\T ™M A(dcp\) N T l: T_ T
TZPY L - —=% Dp\— = ke |G (Cp)s
O (dx>s am g

. .
)

A
HA Dé(%%l : JSC[Ti - (Tp)s] s
I-14)

As noted previously, Prater (Ref. 14) has pointed out that temperature and reactant

concentration are related by Eg. (5), where the concentrations, ¢, and (Cp)c) refer

18
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in this case to species A,

The same procedure used in Ref. 1L can be employed to
relate all reactant and product concentrations at any point within the porous

catalyst particle to the concentration of reactant A at the same point. Thus

8 8
Cp — (Cpls

.

;
¢p — (Cpls

»

bmB
am®

tmT
amA

DpA A A
o [Cp ~ (Cp)s ]
: (1-15)
D A
5‘57 {(Cp):“ cp” ]
: (1-16)

Surface concentrations, (c )s’ of all reactants and products can be written in terms
of the surface concentration of reactant A and the known concentrations in the bulk
fluid by combining Egs. (I-11) and (I-12) and then Egs. (I-11) and (I-13) to get

8 8
Ci — (Cpls
T - T
Cl (Cp)s

bm8 k& A A
o s Lo - eols]

< (I-17)
R T [(Cp)s s }

c, (1-18)

With particle temperature and reactant and product concentration distributions all
expressed in terms of the concentration profile of one reactant, the reaction rate
at any point in the particle, rp.4, can be expressed, for given surface conditions,

as a function of the local concentration of one reactant only.

Thus, as in the case

of a single reactant, integral Eq. (I-6) (with concentrations referring to reactant A)
may be solved simultaneously with boundary conditions (I-11) and (I-14) to fully
determine the concentration and temperature profiles within the porous catalyst

particle.
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APPENDIX IX

LISTING OF STEADY-STATE COMPUTER PROGRAM
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WIPT FOUR ReAUIN
- REAL ~misMzeMIrmgrmuyKPp — 0 oo o T e -

COMMON /pLuCKl/ To PrHrhlogngu'CQIMl M¢0M3oWQ!UOl:UU&;UOSvUUQrTS’

U ZERB Y Gy O AR Sy EF ST Ry BEEHE T ALPHATAGM Y AEXPrBEXP Y

X ArAP UELTA»COVaRHPMUIPRIME s ZoinXOr ZETALZETAIN
COMmMmUN- ZBLULKE/ COnST rPHPYRPORERR 2 ) »PORERP (1) yrGM(2) p PeM (1 )y -
A RKALPH(2) s PALPH (L) s KOMr ALPHARK f HRe NP DOR(2) 1 DOP (L)

COMMON /BLUCKI/ Dt (2) P (LY yKERE2 )17 KCP( 1Y EPSR(2)»CPSP (1) 1 CIR(2)

COMMON /TAGLES/ AVLZ(99) s ARVSZ(99) s DELVSZ(99) o MRVST (36) 1 MULVST (34)
ARy S TS IS S H S oy MUY STHSH I CRE VST 634 Y y CR2v ST 34 Y e -

A LF311(J“)'&rdqf(¢0)'CFqVST(dO)’VPVST(36)'TV VP (36) » uHCVST

A (2%) - -

DIMCHSLUN TLTRE(L4)

DATA oD Attt/ o

C
—~“€r"ﬂ%ﬁ7+nﬁMﬂnﬁ3~iTZTﬁT#—%ﬁ—Tﬁt—Vﬁﬁfﬁﬂtt“HﬁMES REFER-TO Hzy 029 H20»
€ anb HE RtthL?IVELY
. C -

KP = Uesd k=4
bElnt = s
CFaL = 1l.u
[ ._.k'_ [ '_:_—1'9’1_7'5"_—' P —— e e ———
1 REAU (Lrluy) TITLE
100 FORMAT (i%ao) :
IF (TIHLE(L)~ENMD) cdorlur2e
- 2b wRItE tov2uu) tiThoe
200 FURMAT (1HieldAo/s/)
el o o 1o e v i 2 v 2 B o 0 2 1 e R
ebUu FUuRmAT (A2)
SU ReAu (D9r30U) TePrormyCLrCzolavlarMioM2rMIeMEyDULr002,0u3rLUudr TSy
A LLUN:LENUOHLPHL0HLXPouLXH'AbMvALPHAKpZETAIN
SU0  FOURMAT (grlu.9)
whilib (oyplyu)

e - ORM A L AL At A iR L L bk Lo b ko Ly 10Xy 1612 13 0% 1021 10X 1C3 -

AV pLUXe Lyt LUXr Y ML Yp JUX2YM2Y)
whille (orbul) Tarrorr )Ll e L2300 eMLIM2
SUl FORMAT (/OArblUenrcArBEIV.Se2XrEl0e902X0E10e502A0E1DeS02X0E10b22X 0
/\ElUc&"i‘.ﬂi'ElUob'dX'Ll(}.b’ay\'t-10¢5)
whITh (orbuu)

ety B~ QR MA A A e G L d e Ll L DX L G L O X B 2 UK LSS e Gk e U 2 1O

AXP VIS p9ar 1 2COMNY p 3 Y ZENL Y s X TALPHAY)
wHITE (e7uU) MOriir - 010020030042 TSrLCON» ZENND » ALPHA
70U FORMAT (/00X e b10e50aXsElV 50X rclUer2Xeb104502R0E10e592%X0E10e502X
AtlUBrzArE LU D20 10457 2X9104b)
akiltL (ordud)

i~ G A T S e VALK Gk BE XY 1 DK LAGIL s T X s LALPLAK Ly 8% s LLETAL ) o

wiiic (0rs9UU) ALXProb XPFAGH s ALFHARK» ZETAIN

90U FORMAT (/OA L lUeDBrcaA b U DedXrELlQebe2X e 10459222 E10.5/)
KbEAu (Lruby) WOFZ

950 Formal (1l1c2)
NZTbL = g% wFZ2+y

e L & s e e T

HOFLS = Or e+l
REAL (brgb) (AVoZ i) ,,1i=404)
24U FORMAT (4Evne4)
REAL (D2l (AVSZUL) s I=D,UFZG)
P FORMAT (10Lo.4)
B e T O T v T S
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READ (HrzU) (APVSEGL) pI=104)
ReEAU (Br 1) (APYVSZCL) o I=Yriiub 2y)
REAU (orzl) (ARVSZEE) 2 I-NOF £S5 NZTBL)
REAL (b2l (DELVSL(1)ediz=lry)
e el A~ o I RV oL T RS INOF A e e
REAu (Lrgl) (wbktvos (1) pdaNUFZ5,HZTBL)
WHITE {oy949) B -
999 FORMAT (//,95Xr134 A vS £ TABLLE)
AaRITE {br20) (AVSELL)Y»I-1ry) Sl
_ ee  FURMAL (40Ar4Elo.b)
e et 2oy AR SE Ly bSO 2 o e e e e
23 FORKMAT (1Xpa0L1d,9)
wWRITE (oe23)
25 FURMAY (/)
WRIE (os25) (AVYSZi1) s l=nOrebrntiTHE)
whllh (opl4)
gt — FORMAT A e e e e s
WRIL (op9y/)
997  FORMAT (bigxrluHt AP v ¢ TABLE)
Wi e (oe22) (APVLa(I)ed=1lry)
wRilit (0120} (APvVoo () s i=hynUFgs) -
WKITE (or2y)
- R He—er 2 L APy a4 Db shoF 2SS e 2 Tk —— - - e e
wKilt (or24)
WRITE (wr9u5)
Gyh5  FURMAT (A92ae17H DUELTA vo Z TABLE)
wHIlE (orzz) (RELVSL(L)r1=104)
wRLTE (ve2.) (DELVLSZ(I) P 1=%,NOFZ4)
—— R il Ao rdy ) — - —_— -~ —_—
wRIIEL (or2u) (Lelvodil)ri=nukFZ5eNZTBL)
PLid = ¢
Thi = 1
Hin = 1
Cliw = ¢y
JSURVSURURSUY ¢} 10 SOV S SO U T s S R
Coin = vy
Chie = C4
GU 10 141
11  PCHECK = ., — =
PULLU = Plu
R = ¥ BWL _J W - - -
wRIIE (oelo) P
13 FURMAT {2 vy s//7/7/4770/777277 E2a YPRESSURE HAS GOt MNEGATIVE === RAISE
A LPUT PheosUrRL TO P zorplulbdet PSIA AND START OVER' )

Riiv = F
Ll = Cilwa-/R0LY
R o NI SR NE 2 S361 N S e

Co = CoHlryxp/PFOLU

Ch = Ciulpnsp/Puvln

T = Tin

H = Hin

Cillin = ¢}

e Gl L o T

C3lnn = €3

Chliv = Ly

111 CALL 1k (p CHECR)
1" (VL“f'-(.K..LT.U.) av 10 ll
CALL litellu (PCHECA) .
e TR APCHECK LT O ) a0 YO VY
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CALL Liuwvulu (PCHECR)

P (PCnikuK LTielie) ou Tu 11

CALL LIuwvAP (PCreln)

IF (PUhicCKLfaUs) wu Tu 1l
B RN o 3 =y an o 1y v 2w w w2 o e Sin 4 R

IF (PUieCALTeUe) wu Tu 1l

6O TU 1
iy Cunil liive

WKilile (vroya)d :
ol FOKMAT (/7/7/75UKr v kraa%xs%%k OPLRATIUNS COMPLETE *#%%kkrkx%k?)

e+ s s s 'b"?%"‘_‘—_ e e+ e+ e e i+ o 2t it s

Eivu



wirt Fur ICE
SUBROUT Lo SCE (FCiCK)
KEAL ACL1eal2 e KCIVrMBARY 11 ) M2 e M3 r MYy MULYSTr UL v MUVYSTaMUZ s mUBVET

A I3, U NS Tyttt Ut b KACL Yy MFRAC2 Yy MFRACI s MEFRACH P KP
s s e GG PAA ek A——F r b b P C2r E3r Clhr M M2 v S i U0 L » DO2 D03y DUt » TSy
~ L ONg et s o r OHLZ s o 5o LF 3L v Ry DELHF » ALPHA» ALMY AL XP»BEXP,
A ArAP  UELT A LoV, KPP MU PRIMEYZ o iX 0 v ZETAY ZETA TN
COMmMON ZTABLESD/ AVol (99 1 APVSZ{Y99) ¢ UELVSZ(99) v HRVST(36) s MULVST (34)
A RU2yS T4 ) v iuBIVSEH{A2) yMURVST(38) 7 CFLIVSTI34) »CF2VST (34 )y
A CREI T »rdST(2u) s CRUVET(20) o VEVST(38) » TVSVP (36) 2 LDHCVST
T _(tq) - o e e e - e et vt e o i v et o 2o+ e 4 o m n e i e e e R

Thoe UmnerD lycrori Lo THe VARIABLE HAMES REFER TO H2y 020 HZO»
A i ReoPECTIVELY

oo

wisdTe (ueliu)

-« e g — oM Ll K - Ao e B ke b K kR R L CE - REG T G- ek oo o -4 e speok o e koK
ARXkY ///)
tLFLAG = u
E = U
AR S LY
MERACL & Co/mLl/(CL/Ma+Ce/Nie+(3/M3+Cu/M)

s o b e T G A MR A GGG €A M PR G M RO A MY ) e - -

MFRACS = CL/93/(CL/mi+Ce/Me+CaR/M3+C 4/ MU )
mPACH = Ca/mi/ {CL/MI+CCAMhCIAMA+H4/Mu)
wRLIIE (oyduu)
atidlt toerub) LeTeli , L2'C3, 00 rPHRACTIPMERAGC2 v AFKACE s MFRACH
CALL WHioAR (AVSZerlrdeO et hirnn)

B A T F O A N T R —
CAvi. UROAIK (LELVSZrarzrverDELTAPKK)
CALL UivohR WHRVD T rar T rUs s hig e KK)
Catl UnoAte (MULvSErleTeYeriill 1 KK)
Chlkl UNoAR (mL2VSTsieTrberiviu2 e KR )
Cabl Unopit (MUSVSTrLrlrv,smUSPKRR)

e e P b A AR AR 8 b T M i K e e

CALL JhwaR (CFlvsTrirTrverF1rKA)
Cakl. UivbaR (LR2vSirsleTrvarCRZ2 P KK)
CALL UnbAKR (CFASTrarirUs »LEFOSIKK)
ko = L3S
CALL UmsAR (CFHVST» 1, TeV,rLHEUPAR)

B £ 1 ST WL Y W SRULPSY ol € TR - et e e
RHOV = Cl4ectid
SUMy = Ci/Zmi+lea/pMavri s /4
WU = Gaul* b/l eauexe 2/mmzHu8 %0 /My ) /SUIMY
MBARV = Ritev/ (CL/ML+Lg/met g /My)

A

Crunn = (CrisCl+Cho sl tYi 3403404 %C4H) /110
e ek ot O p e b K C 2 KL G H G L e LR 22 CIVE IV TL TR+ P 5+ CHS IV e
A CHLAR)

IF (1loDe=irS) ilrude3d
33 CALL UiBhAR VPV T r o2 THRLPUer VEIRN)
Tl T CROHvERF [ PL/M]
It (ve'=leoy) 1201l 12l
SSTORSG W5 U N S0 108 (5 SYUSINE 1 PUPRG201P Y SO0 S - S
zuu  FURMAT (//7/72UXovxreexx wpnTrik HaS COLDENSED OR FROZEN ILiv THE CATALY
AST PARTLACLL sees 0GR STOF FULLUWS &kkkxk1)
CAk Latld
1i LU lauk
CALu Ynnar (bitbvstir Ly To VU e LHC KK
5 3 L e SV URESe S e



DwivZ - (UM DEL T A+ KC AxAPxCICP1 ) /O

UWNZWZ = = (nOM¥UECTAIM27 (2. %M1 ) +KC2xAPX*(CICP2) /06
Uwouz = {pHOM*FuEL TAXMI/ Ml=-nCIVRAPXCICP3VY) /G
Dswud = Ue
e E TR RO Mo e E TR TR AP R T T TR K ES YR AP C L CP3 x CpELHF + JELHE ) )
A I/

DeELTZ = Con/ubuZ
2TEoT = Zbnwe /10U,
IF (bbbt zeul 2TEST) LELVZ = ATEST
DTUE = VRDL/CHBAR
it bRy B T A D W2 B A M2 MWD 2 AME HA W L AL AW 2/ Mo ik Sl

. ) )
uPLe = ((UELTA‘l.)/UELTA**JY*(1175f(75.*MU*(1--DELTA))/(A*G))*(G**
A Co/ VoY URAKNHG) )

UPUL = UPUcxAFA 184
vl = Ci/iaty
CeFRHG e - s
Ca/hitiu
Wb Ca/Hy
Dikrivbe = (ko/ (Lo~ NJ))*{UWJUL+RHOV/RHO*(1 /PxDPUZ+1 o /MBARV % MpRDZ=
A ke FEDHIET) ’
KHUFAL = (=1e/(1L.~ aé))*\deuZ+HhUV/RHO*(1 /P*Dtb7+1 /MUAHV*UMUHJZ
Femm e e ¥tz —
Db = UnHUUZ*((io-hX'(‘hHOFAL*DtLTZ))/(RHOFAC*DtLTZ))
DCiLs prtuRUWloZ +w LRbiRQL 2 :
wlaud ituduwdudtoexntigUd
uCsud etttk S d+w AU 0L 2
uldus wiauhtiCuld
R _._.__,...C.i.,.l._._;_._(.‘._l_- e cep e o i ot e e e e e o < = <o is o e s 5+ e e e
cer Le
C3P Lo
cur (OR
T1 1
HP I8
S, '“—_"Z'F el i e e e et o e .
PF I
20 Ci Clru€iuldbeliice

3
(T9 \5
Hn

AT IR IR U L TR ¥

Ce CetLCoudauEil
C3 Cotlope el T4
ch4 Cu+CauZxle i

e e e A G oy A AL G A e MR GBS R A MY —- - - e S e e
MFRACE = Co/me/ (CL/M1+Ce/ M +03/M3+CH/ My)
MERALS = Co/ma/(CL/mM1+4Ce/M2+ L3/ mA+L4E/MY)
Moo= rituduZaub LT g
EFRACE 2 Ca/wid/ (CLl/7mMml4Ca/Me+C 3/ 3308/ MY )
2 = Lot 1y
S o o O Y FU AT ST - T 0 G S
it (P) Looeillersd
157 IF (LFLAGscwel) GU TG Hu
[ = T+ululdsutbrid
1F (Cl.&-l ey s U eCletToue .UN'CQ‘.LT'U.) Gu TO S0
IF (ZeuiJZenb) wU 10 99
B 1 N 5 B e T S T O O S
4y witliL (uedyul
Juu  FOrmAT (///llxt'é"9X0"t“P"9Xv'Cl"lUXo'CZ'910X0'C3'010Xo'c4'r8x
Ao'ufinux'v,Ay'mrhAbd'pnAy'nhRACJ"OK!'NFRAC“')
wATE (Opuu) ZeTrul,C22C3rClrMFRALLYMFRAC2 e MFRAC3 ) MFRACY
U0 FORMAT (/BArlUeDrckrElU 59 2Xr10e992XrE10.502X2E10, JrZXrElO 522X
o o B A N B N TSI S



wilt (orlitl) +e?? e » - ,
1111 FORMAT (/1gxe tH{ENTHALPT) = "E1lU.S5eDXe "PRESSURE = 'E10.5)
UC ‘ U j- . N e o - — .
HU lf‘ (Clcl—loU-) tl'—‘d-
. A e 1. ——e T
IF (CL}OLTnL,.) C“:Un
IF (CLl) everdy -~ S
é MEFRACYL = 0,
3 IF (C2)srdrd - S e e s
4 MFRACZ = 0,
—"’-'b‘_'wﬂ— i%‘ {l\'g} Lo 4 OY 7 TsT T TmoTm T mmmmeme s s
o M"'KRC“} = U
7 whilk tor3dyuud - S e
wRITE (o,4uu) ZeTel1l,yC29C3)CU»mFRACLIMFRKAC2 Y MFRAC3  MFRACH
wrlit ftovliil}l el - e R
IF (ClxC2) 529538904
.- ,_b#_. '*&’WM ———— PO O R
b whifc (orSy) )
o0 FORMAT (///58XrierinAT > Atk FURKS -)
CALL EALT
oy ~URLTZ = A1s=-Ti)/ufwsd - S e s e
€1 = Cibk
e et e e
Cy Cor
Chrt?
1)

LFLAG =
vl 11U U

13 PLHLlA = = .
RE Tuk

9y a1 TE (weYu)

e i e R G A At e Ak — LR R R REME N o M ANV E - EXCEEDED- B8Ok THA } o -
CALL wXxil}
XTIV R C e
Wl FOR ICeLIQ
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SUBRUOUT L 1CEETN (PCHEVK) e -

RtAL KRC1enC2rKCIVIMBARY erm21M3'M40MUlVST'MUlvMU&VJT;MUZ,MUdVSTv
A MUBTMURY S Ty Mgy MU rMERACL FMFRAC2 s MFRACH v KPP

COMMON ZLLUCKL/  TePyHeL12C2eC3eC4 MY MZ'M3'v“'001'002'b03oﬁﬂuvTSo

S UNT ZE R U DL 2T ST ST Ry D HF AL PHATAGMY AEXF rBEXP y -

A Ar AP yUELTA COV KPP MU PRIME»Zo NXOr ZETAP ZETAIN
COMMUN A TATDLESZ AVSZ{9Y 1 APVSZESY+DEEVSZt99) rHRVST (36 s MUL VST (34)

A pU2voT (34) rUBVSE(32) s MUGYST (34) s CFLIVST(34) »CF2VET(34)

X FB (34) 1 CF ST (20 )y CFYVST 203 ) VPYSTE36 ) » TSV (36 ) rUHCYST

A (&)

acCcog

100
e e - -

%

THe NUMBEKS Lecrde4 L THE VAKLABLE NAMES REFER TO H2, 02.'Hzo.

Anp - rit RESPECTIVELY

WhilE toyipu)- - S e - -
FORMAT (1l 38X thakpkebrdypkrkrnkkkkks [CE= LI@ULD R&GION P2 ETIS I T L]

LFLAG =y
HS = H

c3s
was
C3u

Lo
W o
Us

-_A.*_ - i ) ——— SO

CALi. UNUBAR (RAVSZrlrlede? ArhK)

CALL Unbal (APVYSZrirlrus rAPYKKY
CALL UivoaR (LELvSZr Lo 2oV o r U LTAPKK)
CALL UoarR triRYslrzsTr0e sHicp KK —
CALL UNUAR (MULVSTr1lsTrVUriaUul P KK)

e Et O R R AR Fr k- Tt Rt = e s e

CALL UivuhAR (USVST2 1y TrY, riU3rKK)
CALL Unpak (mMUBVSTr1yT eV er U4 r KK
CALL UlwWah (CFLvSTri»TrUar(Flreikn}
ChLt UintsaR (CR2YSTrieTr U2 CHZ20KKY)
CALL UNBAK (CF351 vl rTrus s CFISIKK)

O s L T TEI

R0 = CLl+0_+CA+Cy

ROV = Ultee+CHd

Sumv = CL/ML+C2/ M2 0L/ Mt

MU S (mup sy b/MLEMUe*( 272+ podxCL /MY ) /SUMY
MBARY = Huv/ (CL/i+2/M2¥ 4/ MY )

e CR B AR A ¥k C L CE 2% 24k 3540352 CE ALK C AL+ CF U4 CHILRHO . . -

34

CALL SUrRAD (KHUPKCLIKC'KCAVIHC»CICPL»CICP2sCILP 3V TITP,TPs.CP53V»
A CFBAR)

IF (iluoe=(PS) 119009398

CALL uUnbak (VPVSTrir iFS70sr VEIRR)

TEST = CpS_over*eTPL/ 4y

SRS 1= SVISIRE T S S ST S S — e e

L

Uy

11

Wil (Oesduui

FORBMAT (//scDXr vxxakt  wAT i HAS CORNDEHSED OR FROZEW 1N THE CATALY
AST PAR1LCLL eese PHUGRAM STOP FULLUWS  ®kkxk?)

CALw BAlT

CoHTInue

o A A B AR AU s T e L H K

RKhivm = v,
HSL = htubkonb *k o5

Dwiwé = =({ghiOMxpELITA+KCLxARxCICPL) /G
Dw2led = ={xtiOMEpel {AsMe/ (2 %xM1 ) +KCexAPX¥CICP2) /u
UWaLUZ = (RNUM*DEL I A3/ MLI=-nC3VXAPXCICP3V) /6
e — A LT e i S -
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UWdsDZ T Bwotrd¥* ({Hob=H} 7/ (HSL~HS )=l ¢ /A {HSL-=HS y#bLHDBZ ) )
DW3LDZ = OwaDZ* ( (ri=01S) /{HSL=HS )+ (1 ./ (HSL=-HS) %xDHDZ))
OHDZ T = tthreRRO*oE L TAHHCx AP T FP I+ (K C AV *APXxCLCP IV (DELHC + L HF 4
A ((H-HS)/(HJL—HQ)))))/G
R =1 — ' I au S os “A v A P2 = L1~ ¢ e : o m e e
ZTEST = ZENL/10. :
IF (DovizeutdTeESTr DELEZ = ZTEST— e

DMDHUL = (-mbAHV)*((Dwlud/ml+DwaDZ/M2+UquZ/M4)/(w1/M1+w2/m +i b /M
A - B .),,_.._.A e - inns cmmm v i+ i i+ e
DPLe = k\ULLTA- )/DLLTH**Q)*(l 75+(75.*NU*(1.-UtLTA))/(A*b))*(G#*
,—""————ﬂ——~"———t—*+n#14*ﬁ*HHf++—
pPLe = UPUL*AF/l“q.
Wl = L;/HHU e e G e e e s o
w2 = C2/pHu
W3S = LIS/ RHG - R R T
Woke = LAL/RNO
< e el e G A e -

DRitobE = KHU/(l.-VJo-uJL))*(DWJSUZ+UW3LDZ+RHUV/RHO*(l /P*usz+1 /
A Mo aRV*UMESAUZ) )

RHUFAC = (= l./(i.-wob-wOL))*(DWSSUciOWSLDZ+RHOV/hHU*(1 /P*LpPDZYL, S/
A S- MpaRV*OMBRUZ) ) o e

uURHULZ = DKHOUZ*((L.-CAV(-RHOFAL*JtLTZ))/(RHOFAC*ULLTZ))
e R 2 = 1 = e I S B S 1 S -
DCewd = hkhvklwaul+azxORMODL
ucssuzlz KRR SSU L+ 35 *¥DRHUEZ
LLBLUZ = RHU*UWI L Ua+wILFURRVUZ
CDLGE | wheeuRAOU/ - - - e e

cipPr = C1l
- Gul = L S -
CabLP = Lud
CHb = 50
C4P = L4
HP = &t - -
ZP = £
e PR S - e
< Cl = Car+plud»bilTe
e T Cetulebs*bebl ba R I

Ci = Caol+ul bkl s
C4 = Lu+yCuuZabills . — S —
MFRACL = Ll/Ml/(CL/M1+u4/M +L3/M3+CA/M4)
SN TS VG NS oB WIS, WA N ol WY S WESP1 OF T ol 1T TS0 S

FRAC3L = col/My/lui/MmL*tC2/M2+C3/MA+Ch/ My )
MERACYH 2 Co/iml/ (LCL/al+Ca/Mue+Ca/M3+00 /MU )
Ho= H+unbDdxuklY

Z = LHLkLTs
= PHuPulZsuclTZ
-—-——~~-~#--tﬁl——b$9+ké7—t—i—él— — - [EUSUHE
137  IF (LrLAGstul.ll) GU Tu Hy
C3S = LOSHuLHSUL*ULLTYZ
FRACAS = LaS/ME/(ui/MLYC2/m2+L3/110+C4 /MYy )
CS = Cio+Loun
If‘ (Cl.c.f-u..UR.Cc_’-L'a.d-.Or(-CLL.LT-U.) GO TO 50

IF (C3%) wvurdUrug
4y wRIIE (Or34U)
300 Furmal (//7711Xe 020998 VIEMP Y p LIXe 'CLY 210X vC21010X» 1CAS )G, 1C3L 74
AYXP1CHY)
WRIIE (oslbuu) LrTrulsC2rC35,C3LCH
e G FORBAT. (DXl lUeSecXsblU, Doli Xk 10602 2X e 10,5020 2E104502X2E 10,5200



AELULH//)
whkilk (orbdvu)

SUU  FOKMAT (SR TIERACLY pHX T tMERACZ Y X HMERACIS T 50Xy *MFRACIL Y v 5 X ' MER

,\ACH»'/)
e R OO U M RS T M A 2T FRAE ST FRACSEYMPRACH

oUU  FURMAT (32A0E10450ax iU 5r2Xr100592X0£10e5¢2A9E104%/)
WRLTE (oslrli) rieP S e ,

L1111 FORMATC/ZLOar tHLENTHALPY) = 1 9E1U.Dr5Xs "PRESSURE. = '9E1U5)
(,O "O r ce me [ —— —— -

o1V} I (CletTeue) Ci=Je

e 1 S P S e

IF (CHotToeue) Cluz0a
IF (Ll crerd

Zl MErRACL = U,
3 IF (Ce) fryas
g4 MFinCe = 0,
B Tt r—Toroyri——— - - - =
16) MFRACY = U,
7 WRITE {osdgu)

whilc (Orduu) ZeTrol,,C2rC359( 300 CH
CS = Cob+Cou Co-
FRACAS = Lob/Mo/(vi/mMmiti2sii2+Cs/M5+CH/ my)
- eyttt ety by — e - e e
WRAIE (0r000) MPRACLIYMFRAC Y FRAC3Sr FRACBL Y MFRACH
wilile (Lekial) v
IF (CLxCy) LorDoerow
e rE ot
D3 wRlle (web )
=y F b A o B H AT Y 2 A FORKS )
CALL Al
ot DELTZ = =CasP/uC 3502
Ci5 = U
Cl = Lk
Ce = Ler
SV o3 VNS G VH S S e
Ch = Uup
1 HH
Z 2+
p = pp
LFLaLb = )
e e gl o= D it o e e m e e e B
Lo PCiweta = =4,
RE Ture
94 WRItE (ueY.)

e n

Yu FORMAT (20 /7 45a 'AXLAL INCREWMENTS HAVE EXCELUED SED LENGTHS®)

CALL oaldl
[P Sy ST D e o i e e e e+ e ey e e e o . o e
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iPT FOR LEGUID o T
SUBROVUTAWE LIQULD (PCHELMK)
HEAL ACL rRC2 P KC S s MBARY y My M2 rMI e e MUL VST ridUL #MUVS Ty MUZ2 s MUIVST
MU UBVS T paudp iU s RACL o MFRACZ2 P MFRAC3 )y MEKACH o KP
et e ce,,mew Ak kAP e e 20 CE - Cle M M2y MB - M4+ B 0L » BE2 0 B0+ 004 » TS

A U LEND ¢ GriatiDZ o530 CF AL Ko DELHF » ALPHA» ALM e AEXP » BEXP
A Ar AP s b L Taa COV sk r 14Uy PREMEZ +NXO» ZETA» ZETAIN

CUMMUN /TAGLES/ AVLZ(99) ) ARVSZ(99) »UELVSZ(99) »hRVST (36) 1 MULVST (34)
1 U2VST U34) rtu3¥S (32 e MUHVS L34 ) s CFIVSTA3R) »CF2VST (54 )
LF5V1(54):LrJST(sU)vLFQVST(dU)rVPVST(3n)rTVSVP(ab)vUHLVST

TC"’I — i o e oo

> > >

The NUMberD lrgcrdrh bt Tho VARIABLE-HAMES REFER TO H2y 020 H2G,
Ay e RESFECTIVELY

coco

whklic {(uvrluv)
- e gt AT SO ek sl etttk ke ~ b TR TR REAO T O ekl o ek d-de ok
rkAkEEEY /7))
LELAG = u- SR
AF = 1.U
CALL Uluar {TvovPriri-rUerilokkd —
1 CAwnl UiddaR (AVSZrLlre st ArPKA)
-G AL eI AR ARV DA b r 1O e AP KK P — e e - e
CALL UnuAR (ubbvSzrtiedrverticlTAPKK)
CALL UnoAR {iHRV3TraesTruertinsKK)
Chatn LIBAR (MULIVSTrlrT U UL IARN)
CALL URDAR (MUedVsirleyT e Y. rriuzerKK)
CALL UiwArl (MUAVST Ly TrU rMUSIAR)
O UUTS N gy : U ISP | TVI, NS S | Y TV N DU NS RO ST Y18 71 PSR S8 U0 SV
CALL VivoAK (CRIVSTr LT U0 CFLrKA)
CALL Uiibpak (LFEVSTrleTrUerCRZ2eKI)-
Calkl Ution (CFAVSi»lsTrVarLF4rAR)
CFs = ursh
rEtY = LA+Co+C8+0 4
e ,___,.ﬁ_t,.g‘)»_._: «\v-k*&:-&*“” e e e et e e o o -
SUmv Z L1/1+C2/ et L /it
MU = (UL RCL/ME Tl R 2 20 2 3 R4/ M4y ) /SUMY
MbhARKY X pHuv/Z L1/ 2/m2+ 0w /MY)
CFUAR = (Cri*xCl4Cr e+ FI34034+0CHL4RCL)I/RRD
CALL SurAU (U rrCley Co?RCOVIHCPCICP LY LICP2ICILP3V'TITP'TP‘rCFSJV’
S SRV SUURSSUN (i =% 2 WU 97 SO - —— e e
IF (1lubhe=~iPS) alrod033
3% CALL Jiishit (VPVLOTrir PSP Uer VP eKK)
TLol = Lrogvir#Tra/3
[ (VP=1e57) leelloun}
12 wkilt (orcuul
e 2 AL A AL e IR Y kg 0 AT HAS CONDERSED - OR-FROZENW I - FHE CATALY
AST PARTICLL seee PRUGRAIM DTUP FuLLUaS #xxkxe)
CAaklk wall
11 CONT Lvute
CALL UVdairl (LIHCNSTri s ToVU s L bHC e KK
RH\)I"( = d .
e DAL D Lttt A ARK LR AP CTI ORI N o
Uneul 5 = (L ruMPDEL I AsMme/ (2o kM1 ) +KCL2XAP*CICP2) /v
Dwdud = (o Om*uEl i AaMo/ Ml-nC3vkAPXCICP3V)Y /06
UnHUZ = U
ptiue = = Lin*REBOmM*up L TATHC2APATITP) + (KCHOVXAPRCLCPAVEADELHC) ) /9
ubll12 = 2Ca/bhiug
SRR A § SN WS- S T TS WA 1§ ¢ SR — R




IF (DELfZeGtZTEST) LELIZ = ZTeST R
LlTue = utwe/Crbar
UMBRUZ = {=mgARY) ¥ (OWLv Z2/MIHDW2DZ/AM2HUwWaDZ/ME ) /7 (N1 / Mi+R2/ M2+t /il

A )
— e BP e S HEE T A T A D TSR R TS T SR MU L T DEL TAY 1/t A% G T LGk
A o/ (O e HxARKHC))

DRrULs = UPUzxAR AL de s s Coees SR -
F = PHuPLZauELTZ
IF (P} 130913 Tet37 R
157 wl = Ll/NHU
“—hﬁ‘= Cefitto - T e I
wd = Lo/KHU
we = Cs/priv _

pRruld = (gaw/(l,- u5))*(uhjuZ+KHOV/hHO*(1 /P*DPD’+1 /MBARV*DMBROZ-

A - Lo/ txbi0éd)
RHUFAC = (=1o/(1le=a0) )+ \OWSUZ+RHOV/RHO* (14 /P*DVbz+l /MBARV*UMLHJZ
R T k4 B = £ B B e -

uktiowz = UKHOUL*((lo—tA’(’hHOFAC*ULLTZ))/(RHOFHC*U&L][))

UDCiuZ = KHuxDwluz+wixrtbOoZ
uCeud = nrHukui2uZ+w24+DK1I00¢
DLATE = -rhuxbiw U2+ 3xDRNOQU L
LUCYwZ = wad+unrbHOD/Z
R e o= TS M- ST ¥ —_ [,

Cer = L&
Car = L3
Lt = Ly
TT = ¢
HP = R

e éP’ L= Ii - v e —— ———
PH = P

2U Ci = CaivuCruc*belie
Ce = LetuLove*unilce
ChH = CovplouaexbblTao
Cd = Cy +U\,wu1~*ut_l_ [P

~ﬂmw—~~m»MFﬁﬁ£%—--£¢/M%/(e&#Ml+£éfﬂé+£3%M$*e#%M#+ S e
MFHACZ2 T Co/m2/ 07l +ie/MetCB/ms+in/My)
MERALS & Co/imd/ AL/ Mi+Ce /Mot M3+ Ca /ML)
MFIACY = Ca/m8/7(CL/mM1+Ce/ M+ L3/ MB3+CL/MY)
H = H+ngdeuvtl g
L = ZtuelTe
e N o T 4 e S T A R 1 S o S ¥s NN
1F (LFLAG.Lu.l) GU TC LU
T 2 T+ulpd«sut i/
IF (ceb) o Zisuil) 0O U Y9y
IF (TL=1) wUerDYr&d
4y wiklie (uySuu)
- - ERREAT AL AL E O Y L B p O X p 0103 1 OXp 1G22 02 0% 1CIL 9 LUK p2C4 B84
Ar ViERACL Yy AP TMEFRALZ Y r0Ay T MEALSY vOR Y *iMFHACH )
wHLIL (ordud) CeTrllsC2PU39L4raRRACLIMFRHACZ o MFRACI e MFRALY
Guu  FORMALD /BRI EL0eHrac XK i lUeDrXr 10609 2X 010650 2A0E1U0eDe2X2EL10eH22X
AblUDB 1 AP E LU 2L lU 0 2X9E1045)
WwiRITE (welsll) tieP
d3EE FORMAR AL A LELERNR AL P Y-S L B L U 545X+ LRRESSURE - 1 9 E1 0+ 53 —
60 10 4
50 IF (CleLjeue) LizUa
IF (C2elieus) Cpezue
I" (C41L10L10) CdzUe
IF (Cl) zreed
s e M RAC L el e o e e e e e e
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150

99
gy

IF (C2) %945 - e e e
MFRACZ = U,

IF (Cw) 515,7- ST

MFRACH = 0,

- H E— ey B e o e

WwR1IIE (ossuu) érTobvaZ'L5rL4 MFHALl'MFRAcaoMFKACJoMFRAC4
wRIIE (orkri1) He# :

IF (CLlalz) 53953004

RETURN - - - - - e -

wHITt (orbe)

CALL oxll
DELIZ = (Fo=¥1T)/utug -
T < T

Cl = € —- -
Ce = Ceb
£ St e

Cu
H

LhP
Hb-
Z ZF
P = PR
LFLAG =
Y WO 175 SN T W - e e e
PLRECK = =1
RE TURK
WriIlE (0,941

Hoaln

CRORMAT 420/ 45a YAXIAL THCREMENTS- HAVE- EXCECDED -3ED LENGTHY)

CALL EXij,

S o LYY VN, P i ot e s e i nane a4 aam s
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BIPT FOR Llgvap- -~ - SR
SUSKOUTLE LIaVAP (PCHEWVK)
REAL  KRCIPRCZIKCIVIMUBARY p M M2 M3 oM rMULVSTIMUL s MUSVST o MUZ » MUBVST s

A MUV T oMU i J 3V o MU, MFRACL y MFRAC2 s MFRACYH o KP
e O MMON A O U E K A Fr P e o C 2 CIr Gy M2 e My My DO Ly DO 2 O3 r 0 DE 1 TS
A cLON cEND»GruHDZ e v 30 CFBL e Re DELHF r ALPHA» AGMy AEXF s BEXP
A A!APwutLFA'Luv'KP'MUwPRrMEwérﬁXB:tETkszlAiN -
COMMUIT /TABLES/ AV2E(99) yARPVSZ (99) »DELVSZ(99) »HRVST (36) e MULVST (3U4)
A FMUZvS T35 ) »auBdVs i (32 MUSVSTAIY I CRIVSTI4) »CF2VST{34 )
C  THE WUMBLRKS 1reedrd Lid THE VARIABLE MAMES REFER TO Ha. 02r H20,
— e AN D HE - RESPEE T R Y e
¢
A CR3VvI(34) i CrasTA2u) s CFUVSTE20) » VPYSTC(36) o TVSVP(36) » UHMCVST
C
A . “(i_'ﬁ'j oo

whillE (uwerluvu)
- R R ORMAT T 3T e e ok T QU IO =VAPOR REGTON xx*xxrxk*
AksFrkERs kR ///)

LFLAG = ¢
e = i
C3% = e — -~
Cal. = L3
e e
AF = Llsu
1 CALL UnOAR (AVSZe1lrZrDe?APRNRK)

CALL UNUAR (APVSZrir o sUer AP e XK)
CALL UnbBhaR - {DELVSZe 1y Z eV rUELTAPKK)
CALL Utdnan (HRVST s LeTrus s H KK
R - 1 T T s S e = S S e B Lo o a1 e
CALL Ultsalk (MUL2VSTrirsTeVerMUZrKN)
CALL Uhak (MUSYST s Lr Tr Ve rimU3VenK)
CALL JivsAR (MUBVSTr iy TeU,, rmUbG s AR)
CALbL Unbak (CRIVESTrl,TeverrlekK)
CALL UhwaR (CF2VS5T219 T2V CF22KK)
e e e e G AR — LS Tt T e G SV K e
CALL UNDAK (CFY4VST» 1,7 U.'uFu'Kn)
RiHU T £ 14+C2+Ca+Cy
RHUVY = UitV +Cy
SUMY = L1/mi+l2/me ¥y LN /At 4/ My
MU = (mULx L/MLI+MULKRC2/Z2 ¢#MUIVECIV/MI+MUGRCH /M4 ) /SUMY

e B ARV VA LA R E 2 AR SN C LAY I e

CFUAR = (CrR1xCL+CFe*( 24+ F 3L *C3L+CFAVACIV+CF4*CY) /RHO
Chrl bDortay (RHOPKCLrrC2RCAVeHC P CILHLIvCICP2vCICPIV o TITPY TPS»CHRS3V
A CrRBAK
IF (1lov.=1PS) 119005535
35 CALL UnBAar (VPVSTr i TPS?P0er VP KK
SN, S5 B TSIV VYL FET LY . e
IF (yP=~1eST) 12211011
1z wRIIE toe2ub)
2UU0  FORMAT (///7¢uXrvx*srxkx wATER HAS CONDENSED OR FROZEN IN THE CATALY
AST MARTLICLL seve PRUGHAM STUFP FOLLUWS  kkkkkt)
CALL EaAlT

T T S T — e e it e o

CALL Uhban (UHCVST e Ly Te U o DELHC KK
RHum = U,
HLVv = nhtubonCww Sh
OWiud & ={rrnOM*xOEL T A+KCAxAP*CICH1) /0
Dw2ue = ={\nOM*gEilAxN2/ (2, #Ml)*KCd*AP*CICPZ)/b
e PSS e O A RS ML=~ C VAR K CTCR A ) L6 - = o

33



Dw4uz = 0 R

DwaLud = Uhoué*((1uv-H)/(HLv-HL))-(l /(HLV-HL)*DHUZ)

DWAVDZ = uwdt)Z2%( (H=He ) / tHbvy=-HL ) it ACHEY =HL Y *0HDZ)

phldg = —((Hk*RHOm*uhLrA+HC*AP*TITP)+(KC3V*AP*CICPBV*(DtLHC*((H-HL)

— — -t e - R
DELIZ = 2Cun/LHu¢
ZVest = ZEru/tus- : - it

IF {DEL1ZeuT 2TEST) UEL‘Z = ZTEST
DMBRDL = A=moAR ) LW ILZ2/MIHDW2DZ/M2+DW3IVDZ/MIHOW4DZ2/M4 ) / (w1l / M1+

A W /M2 IV/ M3+ WS/ My ) )
= e e A g B DAy Ao TR S P ST S MU L= BEL A F A ARG ) 1 - { Gk
A 2o/ (OY e bxpxHQ) )

UDPUe = wubkLDerAFAT44. s e e e e
Wi = Ci/iHu
we = C2/ b - ittt
pak = LIL/RRO
B e T & | = o 1 R . mt e e [
w4 = CLh/RHU
DrAvDE 2 AnriO/A L o =w il ) ) * {uwSLDZHRHOV/RHO% ( 1+ /P #DPDZ+ 1 s /MBAKY %

A o bMurDZ))
RHUFAL = (=1s/ (1 ,=wdt ) F3(DWSLDLHRHOVARHO* (1« /P*DPUZ+1 . /MBARV *
PR UMpRO£) )

BhHqu -Hﬁﬁﬁﬁé*++ft—b*#+‘NH9FA€*HEE4Z4+¥+RH9FHC*UtLTé)¥
DC1LE = KBusLUWlDZ+alaDRIOLZ

wl2uéd = rHUrUR2LZPa2xDRNYDZ

LlowDZ = RiusDworLus+y AL*DRIIVLZ %

LUCavile = RAVRDASVIL+GIVFORMGDEZ ——  — -

ulyud = gyhéxukhiOuZz

SOV <% If ST ) A e e
Cer = (e
Car = il
CIdrP = LoV
C4r = 4 - - -
P = K

[ £ I E— — e e .
R

20 Cl = Ci+bClul#belle e e

Ce = CotbCous#*brila

L3V = LAVFuL3VUdsdLTZ - e e e
Cyd = Cutplyudxbellce
e e MFRAGE = O NI C Lt A f e C RSB M) e e
MFRACZ = Co/Me/ (CL/nl+La/Wig+C3/ma+CLh/MG )
FRALOY = LoV/RS/ (Ci/MLTC2/MR+Ga/MO+C L/ MG )
MibRACY = Cu/Zima/ (CL/H1+C2/M2+C 3/ M3+HLY /ML)
H = Rtonipdautblsg
Z = Lol de
SO — - 2E S0 VST N A
IF () Loosis?rid/f
137 l“' (L10L1OUQ'OH'C&'L-‘-U'.O}\ch-‘-r'u.) GU TO 50
IF (LFLAb.Lu.l) oy TU Hu
L = LaL+uea3lblgxutL1s2
FRAC3L = uéL/Mo/(ul/Ml*Ca/m¢+Cd/M5+CQ/M4)
Y Al - S U W G V.
IF (ZeulZend) Lo fu 99
O LF (CSL) ourbUrap
4y wRLITE (v, 30U)
SU0U FURMAT (//7710LX 0029 s VIEMP Y 211X 'Ll 2 0Xs'C20010XstCALLY»SK,y'C3V Yy
A9Xe'Cat)
e et T (a4 QW) L T e 1o 020 0oL C3NCHU L
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GUU FORMAT (/0301008 gXrELIU S5 X7EI0eS59 22X E10.5912X0E104592X0E10.502X0

AEL1UWH//)
WRiITE toySuu)

20U  FORMAT (j#A"MFKACl'rbA"urRACé'r6Xr'MFHAC3L'9bX.'MFRAL3V';JX"MFR

/KR\;"P'/7

WRITE (oeouu) MFRACL,MFKACS,

FRAC3L» FRAC3V'MFKACH

Ul FURMAT {327l i0uSrxrElY D XvEL v or2X7L10.5¢2A0ELU5/) -

wWwHIlL (orllll) He?

111 FORMAT (A10x triteNfralPyY) =

G0 10 1

h & ol

rETOTSYSX YPRESSURE = ' vE10.5)F

-~ H—tEtstyvruv—t=d
IF' (LdoLTcUo) CZ:UQ
IF (C4.LTetys} Cy4zu.

IF (CLl) crged

MFRACL = U -

IF (C2) 4495

]'villf:ﬁﬁ{&;: k} .
IF (C4) wrour?
MFRACE = O,
witl e (Lr3Uud

~0UC&FOCN

WRITE - (o &gu) ZrTr» il »C27C3LrC3VFCH -

Cod = Cor+Cayv

e R AR ST AMS A S L MR CR A MEE FAMEHE R A - e

wiiil (uebyu)

WR1IE (uvrbou) MERAUCL,MFRACZ,

witlie (ordlill) HeP
I tCLxL2) 55vDSs o
by RETURN
—oF—whitt—tor Sor— ~=

56 FusmAT (///J&X'loleAT'b AL

CALL tall
[o3V) Dl = =Lk /UC3lul
Ca = U»
Cl = Ci¥
L =t ——

FOLKS )

FRAC3L» FRAC3IVIMFRACH

CiVv = CLovP
Cid4 = €y

H = i
& =L
Pz pr

B T 2t 1 3 e Rt o
vl 10 ¢u
150 PCHeCK = =5
RE TUR
Y9 WhI1IE (or9u)
94 FORMAT (rur s/ 45X *AXLAL
e a2 + ¢ =8 R~V 8 o -

MR

INCREMENRTS HAVE EXCELDEU JEL L&NOTH')
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WAPY FUR VAFUK = T ——— -
SUBKOUTLWE VAPOR (PCHECK)
REAL  RCIrnCZ2rKESY rMbARY 5 M1 0 M2 7 M7 rMETYS FrMtl rMURVSTaMUZ ) MUSVST

A MUZr MUUVS T e duly yMUPMFRACL»MFRACZ2 ) MFRAC3IYMFRACYH y KPP
e = COMM U Ak AT P Hr e C 2 €3 e M My M3y M DO D82y 83y O » TS
A COUNY ZENU s GrORLZrWA»CF3L»RyDELHF » ALPHA ) AuMy AEXP 2 BEXP»
A AR PUEL TR COV e kPt MU PRIMEYZ o NX G ZETAYZETAIN -
CUMMON /TAGLES/ AVSZ(991 ,APYSZ(99) »LELVSZ(99) yHRVST (36) 1 MUIVST (34)
A 1MUS2vaTI34) riUs s (32) sMUSYSTHIE ) CRFLVSTC34 ) v CF2VSTL 54 ) »
X LFJVI(64)'uPJCT(do),LF4V5T(a0)'VPVST(36)vTVSVP(3b);DHCVST
e e e e e
C
C  THbE NUMbtnrS 129374 Ln THE VARIABuE NAMES REFER -TO H2r 020 H20»
C ANL HE RESPECTIVELY
C - - - e i e e amn

wRi1TL (o,luu)
c g - FORMA T b B0t e Aok ok e Ao A VAL O R AR O O - e ok o e o o ok
ARRERkY ///)
LELAL =y
NONE. = J
AF = 149 - - Cn e e
EPSY = 1le b=y
— -3 o CAh AR AVS L - k£ U e 2Rt b P o e e
CALL UNBAR (APVSZr LeZeler AP rKK)
Chakt. UNBAR (DELVSZ+r Ledr Vo ruelTA KK
CALL UnUAR (HRVSTrLlsTrUe sk KK)
-— CALL Ytk - (MUlvSTsir»TorUsrmUloKK) - -
CALL Unoar (MUVSTr Ly TeV 2 MU KR
L O Y L A o S e
CALL Jhivar (MUGVSTri»TrVerUldrnn)
CALL VIwIAR (CFIVSTr 402 Tevarir 1oKh)
CALL UlisaK (CravSlirlsToUarLF2rRR)
Chir. UNBAR (CFIVTrisTrUe L OV eKR)
CFS = Cr3y

S G AL S AR A CF AT s T b e b — - . -

RHU = CL+Co+Ca+0y

RHUV = Al e

SUsv = LL/M1+C2/Ma*tJ/MJ+Lg/M4 .

MU :.(mul*g1/m1+mu~*£2/N2+MUS*Lé/MétMUA*64/M4)ASUMV
MBARY = nhdv/(Cl/ﬂl+cg/m4+C5/Mj+C4/M4)

e GEBAR = kLl eCE o kG S CRECELRCYY RG

IF (10 uel) WO 1V 22
CAiLl SURAU (RHOMKUL I KC2 kLAY esHL e CLIUP L1 CICP2eCIUPIV»TLTP 2 TPS»CRS3V e
A CFBAR)
e CALL UnbiaR (DHCySTrleTrU, ppeLHCeKK)
o = ALPRA*CLI**ACXP*xCLxsxp XPXEXP (=AGM/T)
St Do e MR UEL LARKCLa ALk CICRLY /G
Dwebs = ~(HOM*ULL L AXM27 (2, #M1)+KC2xAPXCICP2) /0L
Dwould = (nOm*0EL I AxMI/ Mle-nCIVRAPSCICP V) /6
DWHUL = Yo
DHUC = = (HRRRHOMRJLLA+NCR2APXTITRI /G-
IF (Ot ELel) GU 10 23
e e DELYI L el - e I
ZTL(_)T - ¢_Lnu/on
IF (Dokldewl oZ1ESTI LELIZ = 2TeST
23 DTUe = WibsCHBAR
UMghbL e = (=mBARV) # (W lUZ/ i DWR0L/ M2+ LA3DZ/A3+DWULZ/ M) / (w1 /M1+w2
A S+ ad/Motak /M) )
DU . (o TA=] /b L TAkk3) k(1754 (TS kMUX(1=DELTA))/LAXG)Ix{Gx%
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A 2o/ lotsUXAXRHC) ) -

DRue¢e = U}uk*Ar/144.

Wl = Ci/KHy T

we = Ce/RrRHu

- —‘*'“'—_'_'w—w%—'—:—’l\; :)Il i‘: {U ST R ST ST T e T s o o
w4 = ChL/RrHU
DRAVLZ = Rrubys{l, /P %cPue+l s AMBARVSUMBRDZ=1 «/TxLTDZ)
KHUFAC -(L./P*UVUL+1. MBARV*DMBRUZ=1./T*DTDZ)
DRAvELZ OHOUZL* { € L o=t X (=R HOFACKDELTZ )Y 7 { RHOFACKDELTZ M)
DCLluZ = KHuxDUWluZ+wlsxDRNOODZ

5 A0SR pwED A a2 PR e e e
pCivZ = hHu*UwéU£+nd*bR“ODZ
DCYUZ = warurhOD2Z- : - T

cCip = (1
ceP = e
C3P = Lo

——— ———- ._€ar_1 — \."P e ——— o mame s e eines me e e e
TT =T
HP = H
P = ¢
=P

2u Cl = Cr+uCudrbrLic

R e G = =1 o & ¥ A S v o £ et o - -
Cd = CotDCIuckDELTL
Cy = Cy+pCausriciie

MmERACL = C /ll/(Ll/u1+Cc/M¢+C3/Mé+b4/M4)
MERALZ = Co/M2/LC1L/MI+CE/Ma+ED/MIHCH/ ML)
MFRACS = Co/MS/7 L1/ Mm1+Cea/Me+C3/M3+C4/ ML)

R A G- G AP A G A ML + G Mt EBAMBAGAMY ) - - - -
I" ‘Clol—]’.uo) Li:d-

1P (C2etjeiie) L2TUs

Ity (ChelToiUe) Ci4=U

IF (CL) e d

2l vikrkACL = O,
- e & S e S R~ e TR —n - s e
Y MERACZ = U,
5 IF (C4) troe?
b MERACY = U,
7 H = t+utudauBEL Ty

T = T+olLaruenls
SR SN TP ST & S —— S -
IF (LFLAveEw.l) LU TG U
IF (P} L3094 3791 37
L37 2 = Z+ukllg
1IF (nuinbsbuel) w0 U 4O
IF (Clels) HuedU»DL
S % T 4 SH B PRI T W VI NAN g IV 5 R — s
40U akliic (25300)
SUU  FORMAT (/77101 A0 00 09X s VIEMPYeOXetCLY 9 10XptC2% 10X 'CAv 910X CYHY»8X
Ar telFRALLY 1o YHIFRACZ2Y ) 0A s " FRAC3Y roXr "MFRACY )
wiRITE (Delbuyu) JrTruirClrC30CUrFRACLIMIERAC2 ¢ MFRAC3 s MFRACY
U0 FORMAT (/oarBElUeDrdArEIVY ,DreXobE10eHe2Xre104592X9E10, SréXrElO 502X
R ALY e B c A rEr et ar il v 2090100 )—— e e
wRITE (osl,11) tief
1111 FURMAT(/ZTURe 'HILNTOHALPYS = 'EL1U5¢5Xs 'PRESSURE = ' 9E10.5)
IF (LFLAGeLtws1) WU T bH
IF (Ao izE w=2)=EP3) byrbi, )
S0 wllb (w,3yu) .
b HE L B Mg} LT e 1 R 2 LS C U P RAC L+ MERAC 2 s MERKAC3 y MERACG - - - .
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WRINE {(orlill) r¥

WOnE = L

CliPl = uw o C
CICRZ2 = U

B o {*-;F%V"“;—g—r—"——‘““" R
Ty = v,
DELTZ = (Zenwb=4)/1u.
O 10 4
bu ekl = cbnwu=ZP s =
£ = ZEtw

i
|
|
|
i
1
!
|

_Ci - - -
Ce = CebP
€3 = Caobf
Cy = CyP
T =7
H = n¥
e e i _,P__,; _]L,AP — e et e e J
LFLAG = )
NONE = 1L
50 [0 «U
1o PCHEEK = ~;.
o4 RE FURN
R CH&' [ e mes e e e e S e 2o 4 aonvnndte me iwiee o —_
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WIPT FOR SOKKAL T T
SUHKOU’HHL{ SERALD (RHQO KL m.?_n\(.SVoHCuCICPvaICP2.CICP5V TITP»TPS
A IV CHFEARY
REAL hb¢'mbd'hhév'erML'Mj'MQOMUrKUIKP KCReKCF » MR » MP » KGM
—————COMmuN /oot TPy T2y Sy C M M MIy M DO Ly U2 D03 LGP TSy

A ECONy cEND pGoruniuZ e w30 CEFAL Ry DELHF » ALPHA ) AGMy AEXP yBEXP
A ATAP st L TAYCOVyRP MU yPRIMETZy X0 e ZETAYZETAIN

COMMON Z6LUCKZ/ CundSTrRPPPPPUWERR (2) » POWERP (1) o xGNM(2) yPGM(1)
A RALT:HEZ ) s PARPE (1) r KoMy ALPHAKY RRTRPYDOR(2) » DOP 1)

COMMON /GLULRKRAZ UPS ) v PP (1) o KCRIZ) P KCP{1) 2 CPSR(2) »CPSP (1) + CIR(2)
e ree e P MR T P R 2 PR AL r EPXR2 1 00 y y CPXP €10 200 ) 1 KO »

A AUA P GAMMA» BCTArinAL» COEFR(2) 1 COEFP (1) o HFACTR,RFACIR

CUMMON ATABLES/ -AY¥SZ (99} »ARPYSZ499) yDELVSZ(99) yHRVST (36) rMULVST (34)
A rMU2VO T (S4) riU3VSE(32) P MULVYST(34) yCRLIVSTI34L4) »CF2VST(34) ¢
A ST SR s CEIST(Z20) pLFUYSTL28 ) P VPVST(36) » TVSVRP (36) v UHCVST
A (24)

- - —— oMt AERTSA M d oy - o - - Bty
DIMLNSLUN LPUX(luu)'PhVOX(lOO)’DX(loo) RHET(lUU)'UIR(d)nblP 1)
A : IPACLUU P ROAMMA(Z) »POAMMACL) Y REXP(2) »
A lLAP(I)kaO(c)r}AO(l)pRKUTRM(z)vPKOTRM(l)
Piverisivn-kEAC Inl{e) pPRUVDCT (L) -
C DR Ine Db FULLTION
= e e P A Y 2 S TR TS R AR s P v 2 S L —EXP = s GO T 2% £ 492 4 /
A (1o 7%X)))
C vk ine AL FUATION =
KRCF(ArLrCourl) = +OL¥A/0% (C/(B4D) ) k&= 6074 (A/(LxC) ) ¥%=,4]
C peFlnt ANGALY FIC dnTeorATIVR FUHCTEOHD FROM INT&&HAL EQUATION
EVALLI(APL) = L*¥&3/0e=A%*3/3
e BN AP e SR g oA R g e
C eesss OET lNI{lAL VALUES OF MisCL. ITtMS seeee

Kl = |
Jud = )
Nhn = 2
NP = &
e e S T T e — e
PR = G
KGm = bHuplb, -
AU = U

cbbA = 1,0

C ' EEE R th l“l].LAL PRQUULT VALUtS (HZU) s e v e,
SN = | TUTUT Al S5 T8 B ¥ ¥ DSV M- -

CIP(1l) = Cuv
pUri1l) = wus
AR CL) = md

"‘P(l) - e
POWeRP L) 2 U
e —_—
PakkPh{il = U
Clbr®(i) = 1
IF (PRIMp s EeYHet) L TU 215
C eosee ST dwdjink KEACTANTD VALUES FOR CASE wHEN He IS PRIME REACTANT

C (Pramb o(eACTANT = ook whifChi IS IN SMALLEST SUPPLY)
U 5 § 07V U U A T DS ¥ X 1~ % B

REACTHLZ) = roar

S e 8 g

CIk(l) = €1

CIK(2) = C¢

DURLL)Y = Dui

LoRr(2) = Uue
SRS | P O T TR SO § — -—
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o G R A

e e REAGTNA ) S OB

<

215

S e

Zleo

¢

C

e dWAE

1

MR{2)y = mz- e
PRz} = uen A
POweRR (1) = Ue

—— RO RS .
RoM(1) = u,
roM(2) = o, L
RALPF{L) = u.
RALPH{Z) = u. e }
COLFKkil) = 1. :

==Y - -

HFACTR = 1,
RFALTR = 1,
GLU 10 iy

eves SET inli1AL REACTANT VALUES +OR-CASE wWHEN 82 IS
COnIInLL

KtAbTN(c) = the!

Cirtl)
LIN(L)
pur(l)
DUR(2)

prt(e)
PR(1)}
Plele)

-

= C,

= Pud [P,

'
(@]
P

Ml
Jeo
is

PURLRR4L) - G« S
PuweKR(2) = U
- HiomidI

-

R(JI")(Z) = Uo

RALPN(1) = u.
RALPHAZ) = y.
corrr{1) = b
ClLkFRrRic) = 1o

HEAGTH-Z -yt 20—

PRIME REACTANT

REFACTR = 7.,Y30
Cuntllinun -
SET LinItiabL ,clonTiy AVERAot FRACTIONS

whFli =
whbk e

AU =
JAU =
St Uk i
L1FLG
NPAKT

S £ 5 -

c

11v

o

lie
lle

llo

%]

.
V]
i

[ ol 1 I A

. - oot T

-
ol

A memmt i e _—

fleiclsnaliluns FOR BALH EniRY 10
9]
Lo

Pop =

*S5GRAD!

U,

IinITiALLZE R ACTANT rARAMCTERS
DU l1lu 1z=l,nig

LRI

S uun{l)eia.7/PxlT/7492, ) 4%x1.823

CONT I

Lol T e P a2l AN LER S ——

virdl)

S UuPL) 214 7/PxUT/492,) %%1, 623

DU 114 L=21 e

KCr(1)

S OALHF Gt r iU DARI) P AR)

LU 115 1zl e

KCPil)

= OKOE (GebrmUeudP (1) 2 AP)

eoHO 2 s rdabalFOARA (/AR Yel)) )2 kema ) o

Lo

LR 20 IN IR J



ccco

R E PSR EC iAot

Il IakleAalIun COMPLETE oo

CoUsSe LiniTIaL VALUL OF 5

NUW LOCAft SUITABL& A0

FUR KEY PARTICLE REACIANT

pU 151 L=l

oPr{L) = UPr(Trougrt 1), Pl
UPRF = UPR(L)

IF (Iecwel) ©0 U k5%
QUUA = KCR{L)/KLIR(L)

e T S UE T MR O R MR —— ——
CPOR(I) = Cak(1)=(WWOA+SUO# (CIR (1) =CPSK(1)))
IF (CPSR(1yeLTous) CRSRULIZUw

inl Cuiv} InLe
DG 1be 1=l ,np
DPPIL) = LPr{TruouRLlL) P}

T QUSRS R T ARE P
QUUL = CUBEFRP (I #uiP 1) Z(LORFRIL)*MR1))

CharP (1) = CIP{1)=¢tauCCxuayOux{CPSR{1)Y=~CIR(1)))
1k (CPsP (1) LTe0e) CPSPLULIZU,

ioz L0 Inbe -
Crilriv = CIx(1)=CP5Si (1)

e e B i L AL Las

HilL = nll* FACTR
SUrt = uUs
ooV Ir (LPle.tW.1) Gu fu &
4y TRorP = 1PoP
TSP = 1¢S5
R« T 3 S I—rmt.» e e e

Thu = l’(bun+an*m»&(l)*(Llﬂ(l)-CP:R(l)))/HC

Ii" (THJ‘L{.UO) Iry = 1

CAl Uiawdak (iRVS T e e THS 'dorHerhK)

HKYL = hdp*bkACTH

DER(L) = RPr(TPoyuudr(l) ry)

S I O % 1 VU U R RUSS

LEZEL)Y = UPE TPy duP (1) ' P)

UK = UbErRod)
Hil? = g}
TMIFd = T=1ry

UCPDX T RCn{L)ZukFnl L) *(LIK{L)=CPSRIL))
- b s T RN - Rk b e AR IO Se e MET OO FA L XO - - -

Ul\ GhMMA L Ao/ 105

BETa = =CPon{l)aHRi4+04r L) /(KP%TPS)

KU = ALPRAr A AP (=oriMmA)
C ChLCULATL X0
XU < Av

U 2 | -_A—A+1A4L¥ LA GR U

AUA = Au/A
IF (XAu) ilsigele
11 XU = U
XUA = U
XUP = 0.
e R TSed AR o

IF (JXueLT 10U) Wl U 12V
U 10 12

120 CPoh(l) = CLIR(L) /7o L)/(axKCR(1) ) +1.)

wl Hll 1s1 6
IF (letudel) 0O 10 o011
s e QUUA-S Ak L AR )

b1



QuUvg = LutrH(I)*MH(I)/(bObFH(i)*MR(l)) -
CPuLik(l) = LLN(l)-(uUbA*uUOb*(CIR(l)-CPSR(l)))
IF (CPoa(lilTsUs) CrSrilliz=us o
511 COnfInbc ‘
e e ¥ & e e | R e e e o e R
QUVEC = ACR(LI/KCP (1)
QUL = CUEFP(l)*MP%i)/(bOEFK(i)*MR(l)) :
ChRopP (i) = Llﬁ(l)-(uUOC*WUUU*(CPSR(l)-CIK(1)))
IF {CPSHEE)LTeued Ci:SPil)=0.
H1e  CounT Inubk
. —'"""—'_‘"_"tj'eflb'x"‘;—“{ i_r\ﬁ.).**\, e et e e e i s me v n s e mmmm e e e eae
THFy = I-(SuM+HH1*JHK(l)*UCPUX)/HC
If’ (TPbOLToUQ) ff" - ln
CALL UiUAR (HRVS1v10TPa'UooHH10KK)
HRL = brl*pkaCix
OPR{L) = DPF(TPS»Jduik (1) 7P)
e e .UPR.(_Z_).__'_'_ ‘tﬁ"‘l‘H‘P b‘?"’)‘U‘R'(‘E‘W‘)‘““"" e s a4 4 e oo 1 52 2 2t e s om0
ODPP(1) < ik (IPS»doP (1))
DFA = ur(y)
UPKP = wPR1)
HREE- = i1~
TMTIPH = =15
-G P A — e e H S -
pEla = -LPan(l)#HhL*LPN(l)/(KP*iPB)
KU = ALFPHARAEXM (=onli-a)
whlTl tourloe) LPLrIFS
142 FURmMAT (A//707Ar taE HaVeE CALCULATED A NEGATIVE X0 DURING TTERATION
ANUY 2 Lo /. 0uxe'SET AU = Ue o CALCULATE TPS 'pgll Sr? » Aliy CONTIN
e e AR Y e e g -
GU 1V 191 :
C IsTeukAle FUK WF euUATION
ie COnI Inwe
Chab ThAMe (XUA» Lokt Al pRIESUM) -
MMLS e o LCATON | Ok CALLULATIHU CP(Xx) PROFILE
B B s N e s o1 T T I & B T
Pzl IMPLLES CONCE TRATLION HAS PENETRATED VEhY RAPLULY THhU CATHLY‘T
PARTAICLES (AU = W, ) - -
M= LiPuil S uUJLLNTRATluw HAb PcN&TRATED MOk SLOWLY THU PARTICLES
Ands A FLNER ITeORATION SUBUIVISION OF THE (X0.A) I, TERVAL
SHUULY e Jobkl, TV UstAIN CPIX) FROFILE (X0 = 0.)
SRS SO N < JNUNY (5 T VR YO (VU O WA VS SO SPUF Q0 5 20 —— e e e e e
U TO (1lely)e mMe )
is NHEAKT = 1du

,
!
i

C(’(‘)(‘(‘.T\-ﬂ‘

]
|
i

X0 = U,
XUA = Le
GO 1w 12
B Gt ~—4}ALC&H#4L&—L%&W«&QL~ — SR U
i5 CPoyu = L S,- (1)

CMerC = (Mo
CPSKIPP = CrorpP
CPOKP = CHoLLAL
CPOSHIL) = Cal(l)=A+KILSUYM/KCR(L)
e el LRSUAL Lo AL ) e - S P
IF (CPrur(l).Lisda} uybatl) Ue
150 CM‘Q!"N = Llditl)=ClPon(]l)
C CabCuLaie idbw TP
15 Cunilnivn
GRAL = JULPuarUPR (L)
SO of ¥ 2, W1 St & T 0 I 1 2 T O S

Lo



e L B o L T A
LCPUX

TPSPI*- =
TPSP

Tmi
ol

Ir

TPsk
PSS
1M P e

0

CONT Inlc
T T R s SUMTTHR e R SR E PSR P HE

(MPSelTaued TP =

1.

CALL URUVAR (HRVYST»1vTRS Os ritRLywiK) -

MRl

DPR(1)Y = Dprr{1PSedur(l)rir)

hiclenFaCTR

VPR{c) = UPF(TPS/0UR(2)1P)

TwT

GAMMA
seETA

Ku

e T

iF
IF
iF
IF
iF

%1
ol?

818

HNXU
e
whi
g2b
t1V)

A = T S

IF
Ir

~gEt- A s et o et

FORMAT «//oar tLPSUnL CHANGEY DIRECTION == NEw @,

KCR (L) 7uPKUL1) % (CIR(L)=CPSK(1))

T=1+5 - - - -

Kb;‘ﬁ/ I PS
=CPor (L) ®xrii*PRUL)Y /{KP*TPS)
S ALPHAAREXP (=GaMMA ) '

HortPeRA TUREr SO E-TFRATFHOR-FOR- St FMEF - - - -~ -
(AUS LT ATPO=Tm i) ZTMTPN) = o0%) 41+414817

(A (L (EMLPO=CMUP ) /CHCPN )= wU%) T0»70,817
(LPLer.T,3) LU Tu 46

(AMITTACPSRELI) rarURPPCPSKRIPPY=CPOSRP)Y 81898209818
CAMART (CPSIKIL) P CPPYRP P CPORIPP) =CPSKP) 4698209046

N

=1

co.Tatie
{Vroes)

(2}
T&
FOR CPXF USEDY)
10 ettt

= L5t I A 2HCHRSuRWAR 1)
(CP:)“(.L).L.IOU.) C"‘SR(l):U.
(el iar) GO T 157

LU 139 1z=29iv¢
QUURA = ACK (L) /KCR{L)
@uVe = CutPR(L)&*MRUL1) /7 (CORFROT) *MR (L))
e e = - R R L D OAR NGO B IR =CROSK 1)) )
IF (CPSR(1).LTede) P'SRUIIZUS
COnT I
CalCULATE (PL'S FUR #RUDULTS
157 DO 18U Lzlewd
QUUL = ACR{1)/kep (L)
e QU o GEFR () &2l ) LSO AL ) R L) )

13y
C

CPoP (1) = P L) ={ sULC#WUOLA (CPSRIL)-CIR(1)))
I" (CPbH(I)IL]'UC) \_PSPKI):U'
140 COil Inbc
53 DUPLX = ®CRUL)Y/uPRPE(CIN(1)=CPSR(1))
CMUPN = Ll (1)=Crox(l)
| B TUNSps -V & & O, -— e e e e e e e et
uz2 LPL = LPi+,
IF (LPi=¢H) “4Ur4ur4y
Gy CONI Lot
Ik (ddnrr,oc.1) wu Ty gl4
WAFl = wnF,+,1
e QWA e — e R
G0 10 iy
811 Cunllhwc
WAF L T siAF1+.0Y
JHAF = &
00 T0O bily

B — L ik bt e 950). LY TO-BY
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wAke = 1.=aAF1
C AU LORVERORINCE Wl TH PRESLNT thGhTLJ AVERAGE FACTORS FUR XO
C HePEAT {icRATLIUuN Protei:ute WilH Hew FACTORS - —
w0 1w |§
—— 99 “GUH*}JL-‘sbu S S S U S SO
Blu wikiTt (or9e)
94 FORMAT A/ ioxr Yupaolt, T FIRD SUITABLE X0 AFTER 3 TRIES oF 25 I
AI&NATlUNS tACH oae SET VPS5 = 0Oo ANU CONTINUE'
CHESR(Y) = us '
CPoik{e) = LLN(L)—(JU(A*WUUD*(CIH(l)-CPSR(l)))
e e e AP e T EPSRA 2B e e S
CPur(i) = LlP(l)-(JULC*UUOJ*(CPSR(l)‘CIH(l)))
It (LHbP(l) LTeUs) CHSPL1) = 0.
THFs = l’(bUH+HHl*ALH(;)*(LIh(1)-CPDH(l)))/HC
LALL Ufis AR (HRVS T2 a2 THESP U p HRI P RK)D
niRL = hk1* FACTR
(e B E e b FRE g o e e
OPH{Z) = Opr(TrPS,au(2) ry)
uPH(l) = wrr{THSyuurP (1))
pCruXx = hLH(l)/urn\l)*(¥IH(1)—LP‘R(l))
o0 {u 194
C HSuTloFACTUKY A0 HAS owiENlN FOULw
S — .U_.dd . Nxﬂ._;_c_ e Smn o o e————— v~ + A, St .t + = i wn 4% VA —————m e s Wi aees = s tam = msmers —ema i i e i o e+
70 wikdTh (oslo) L1 XU
lo FORMAT A //7//40Xr t AT ISFACTUKY X8 FOUND AFTER*» 13, TRIESY /
A DFRs TXU <Strly o)
IF (iNAGstvE sz} W Tu 27
witd e (or8ro)
B - R or AT LD A LR S C A - btk HIRECT LU - USINGHEw-CRXF Ede- === USE
A AU FOLL Al THLIS POINT")
o027 1F (AVALT.e9993) vu TU 131
CHJh(l) = U
CPua{g) = Lar(Z2)={aU0axvuUn s (CIR(1)=CPSK(1)}))
IF (Cror(2sebleds) Cruikle) = 0. .
RSO -—-QPO-/\“(—M")—*—-B-‘ N s e et e e — s s+ e e
CP3P(1) = »LH(l)—(udQL*UUUu*(CPbH(l)-CIN(l)))
IF (CPaP(l).Lleds) CPSPLL) = O,
Tv's = i‘(JUM+HRL*ALR(l)‘(Clh(l)-cpbh(l)))/HC
CALL UHUAK {HRVS T2 0 e TPSILeriih1pKK)
Mk = ikl 4 FACTR
YT £ 3N A N T T S A N R e - e
LEPR(Z) = Uk CIESsuu(z) rp)
LPPLL) = Lrr{Thoruur{l)rp)
LCPUA = v Crd L) Z70PRuL) 2 (VIR (L) =CPSR(1))
wiiibh (ol ao)
193 FUikmAT (77 SUX "xU/kh GrEATLR THAN 29985 ,. SET CPS = U, Aju CUNTIN
e e AUERY ) —— e e e e e e et e e e e . .

i

CilLCUb AT uRau e

[l ol o

151 IF (CPOSR(L1; ) Ld4rlousl3dd

L3¢ Ik (PRIVL e 'H2Y) vu TV 135

ISR (G2 RS-« S 0 Ay 10 O SO ST
Clire = LIntz)=cprouinl2)
KCL = nuhiy)
Kl = hiicle)
LU TJU 130

155 CICrL = Cirvg) =-CPok(2)

- e SRR Ol o =37 RN~ WS DN T U EEE e e s e e s e - i s e e e o

ik



RC1 = nirftg)
KCe = ntlp (1)
lob  Cun inboe
Cltlrdav = Cuk(Ll)=CrupP(l)

S KE IS R - R

JITP = 1=TPs
whitbE {oyoiu) CICPLyCICH 2y CICPSV» TETP
RETURW
13s Lbe = & AR
HX = 2&
%{7‘\[ : IIAH— T T oo oo .
NAML = Nx=,
LPA = LPk(1) -
CPXr{Lrivxl) = CpsSHL)
291 KUA Z-xU/A
V = =ali{Ll; /UPK(1)
e ,.-.i‘r.}.f_r._.-_- i - et it e ——————— ¢ . o sueein & = PR
K = 2
Wl = U
Ke = Js
P‘Dl = U
PO = U
S e s PHELAD A E e A O AR e O A T A s e = e e
C CakCulAle PRuUFLLE CURVES FOR INTEORAND FUNCTIONS
XA = AUA
DU /T7U Dz=laeneAl
¢ CE{X/R) 1o A Liltarx @ROFLLE DURING FIKST APPROXIMATION
IF (P2l ed) WU Tu s
= RO R TE PR PO At Y- PART ot REAC R - - - -
CHAR(LrY) Z((XA=KIA) 7 (Le=XOA) ) xkZETARCHXR {12 NXL)
Ir (CPARULs0) oLTous) CPARLIJIZY,
C  CALCULATL LrS1y FU Sk Tiid 1o e ACTANTS
oo4 IF (miKekgs ) VU Tu 194
O LGl bz inr .
e e E R e A R - e e e

GUUe = Lo (D) xuv L) /(Lo (1) *MR11))
CPAn(lerJd)=LroriL) +oUGlkx@UO2* (CRAR(L» J) =CPAK(L1rNX1) )

IF (CPA(Llru) el iie) CPAR(LIJ)IZ=U0.
19l Cumvilhive
T CALCULATL L1y FOR Pyl LCHS
—  —dbhe - R e e e
GUVY = urk(a)/uPPia)
Wult = LokpP (L) &mP i) /(Courr{1)*MR{1))
ChAP{lsd} oo i) +QLOIxwU04x (CPAR(L»NX1)=CPXR(19d))
lF (CPAH(J-'\J)-L‘.\J') CI’AH().'J):()-
iage  COnf Ltk
R Y ETE I F Aol G e e+ e e e s s e s e el
GUWig = i
DO 1405 r&leieie
FOwA = L Xrlieow) x5 ])
QUUIA = GUUIA*PUWA
lad  Cuidl Ldduc
[ S T TV TN bk opred - — - —— O P
IF (PP(1)) luluslavl,luvu
Luuy Fuep = CRXe(led)xxri (1)
U U luue
1601 PUWo = 1.
Lude wuuly = udolbalPuwd
[ T TR A G TUVID W O 7 1 - O O - [

b5



C LALCULATE GoivERALIZENG TERM - -CADSORPTION)

SUMTRM = 0,
SMicke = @, S e =
CONNUM = Be)A*(1,=CPXR(L,J)/CIK(1))

e GNP e R e E P AR L A ERA L e e e e e
DU oub Lzl
RGAMMA L= REM(IH/T — -
ReaP({l) = nbAMMA(l)*LONNUM/LONUtN
RRAU(I) 2 RartPHEL) *e AP { ~KGAMWMA (13)
IF (RKutl)) loUosluuy,»lup3
— RS R R 2 R T RO PR e e POWERRACT b EXPAREX P T P
6V 10 luy?
1004 RRUIRM{Y) = 0o- B
1007 SUMIRM = LUmTRM+RKUTRM( L)
olo  COniInue —- - - -
DO uUI Lol onf

PEAP({Ll) = POAMNA (L) #C0HUM/CONDEN
PRO{1) = PrLPHL) *xL AP (=HGAMMATT))
IF (Pru(l)) 1005, 1lulgelU0b
L0UD PRUIRMEL) S PRUCTICHXP T v J) % kPURERP (T I xEXPAPEXPL( 1 })
GU 1V loys
e 212 120 ey !
1008 SMTorM = SMIERM+PAUTEM(L)
pU7 COnNTIWUL C e e
ALDURY = (LulST+sueiTrim+oM T i) %% PPP
GEmeReE < 1,7AUSUR
RHET (J) —‘nU*QUUTA*UbUTU*tAPQGAMMA*UETA*(1.-CPAH(lOJ)/CPX}(1rhx1))
e e+ nofo peg il FAS LS P X L I ACRKR L L NX ) I P
RHET(J) = wrET (J) *oLliERb
ML T (J) = e TLd) #nFalC IR
DX(J) =~ AA
AA = AATLELAUA
770  COwiInUe
— e - Tk - R Y A DR T Lo M T E T A S CONS TANT VAL UE—FOR--CRAX AA > Advtr - RHET
DO 771 Jz=i,ivX
CPXRrR{Lrd) = (CPARr(irc)+oPXR(lodei)) /20 -
RALT (W) = (nhET (D) FrHETAUIF1) ) /2
771 040 Lk . S
' XA = AUA+UCLXOA
RGN ots WS 2V NI\ WL SYE 1% WNIN BV OOV 3 —_— -
C LoaTLorkAL cUATIUN FoweewSs
C CHOX(L) 1L SPLLIAL Crol w26 A=KG

AL = AVA
DRYU = DAL+ULELAGRA
RR1 = O

T ¢ N A S

RR: = ‘”l*KHLT(L\*\LVA[L(DXL'DAU)—CTRM*LVALl(DKL'DXU))
DAL = LAY
Uay = LAUt el XOA

377 Ot Tilua
CHUX(1l: = cin(l)=neA/0PI{]1)%rR]1
NSRS § SN € 7> PY W 5 T UOU T (PRET IO T G T 41 W T B & ISy S
C SubVh oblierAL wlaTlud OF TWo INTEGRALS FOR CP(X/A)
ToY DU Y72 L=1,10iTl
K1 = RL+RHe T LL) ®EvalLl (XVAr XA)
X0A = AA
XA = AhtLLOACA
S, 3 S 7SN oF s YU 1 SNTHT- I - : e e

L6



R1 = HRix{(l./XOR=CTRM) T
xAu T AR
XA = XA=DEUAOA -
DU 773 iz=initlellaMl
e By R e T R AR 2 AT XA ) e e e e e S
pse = Hod+nﬂt7(1+l)*tVALL(AAvXAU)
XA = xAu
XAU = AAUtUCLXOA
713 Cuil fnue - - el e s
ke = Pbl—CiKM*PSZ
i —=—4rFr+t TR e o
CPOK(N) = »ln(l)-A*A/UPN(I)*(RL*R?)
I[" ‘LPUK“’\).LTOU') LPﬁX‘K) Ua -
XOA = aAu/A
XA = Xua+DpiXOA
K = K+i
R WY S [— R e e e s e
ne - 0o
Pb.ﬁ. = U
P92 T U
IF (K.LL,H;;'} 00 Ty ToY
C CrOR{NX1) 19 SPELCLAL LASE 4. XZA
e e ._._a_x‘;

AT S e e
UAU = UXALHUueLAUA
EE = U

DO o076 1z=lrnX
rRR2 = wrztrhed (1) scvat 2 (XL e LXU)
DXL = wAY
e e t}kﬁ.;_wtxy.’* et e A e s e e e ar——— e am
378 COnT Liiuk
CrUAGIAL)Y = CiK{l)=nxA/UPR{1L)*(]l~CIRM)XRR2
IF (CPUA(RALY ) L9uricyrdgl
19U CPUA(NAL) = U
CPox(l) = v
RPN —— IV 01 S RN R N ST O WAVIE T WE SN E £ SR R BT o =28 TG N I 0 R
IF (CPSR(2)eLTeue) CLPSkZ) = 0o
CRSP(1) = 1P (1)=(@UCC*uWylua{CHPSR(1)=Clr(1)))
IF (CPoSP(1)sLTeus) CFSPLL) = 0.
TPS = T=(SuUm+t1ealr (L) *(CIR(1)=CPSK(1)))/HC
ChLL UlwaR (HRVSTr L e TPS?P Qe reikl o RK)
SRS PR S 1 725 .~ 1 - 16 V771U AN I - SO ———— - T
DPR(L1) = LPF(TPSyuur (1) 'P)
UFR(2) UiF (TRPS» o (2) 2 0D
pkP (1) UFr {TPS»LUP (1) P P)
ULPUX = KEm (1) /0 i) x (LIR(1)=CrSRIL))
wRiITL (welye)
e 392 —FORMAT A AL AT L HTIRAL LGRS CALCULATEDL FROM- IHTEGRATION -SECTION W
ARUATIVE Ul 2EROC ¢ee SLE CPY = Ue~ AND CUNTINUEY)
U TV Loy
C CALCULATE A kw5
191 CUmt bduk
P = k)
SRR 1 == 2 o 1 Y 1 S O U U O
TPS = 1=(SUmM+hRLxA L (1) 4 (CI(1)~CPSK (1)) ) /HC
PP (TESec T que) 1P = 1.
CALL Ui (riRVaTr Lo (PSP e oK1 oK)
HRL = nikpx i ACTK
UPRK{L1) = UPE (TIPS, JuRr(l) 'P)
NN S I - SVOTSI B 4 S0P THT I £, B S S N S

I EI |

bkt



DPP{1) S -DrF (TRSDUP(L) PP ) - - o
pCPruX Kch(l)/uPRKl)*(LIR(l)—CPSR(l))
TMT#O FMIPHN - - e -
Tulri = T=[FS
i T 2 2 S H%%M%—%ﬁ#%—%%-%ﬁﬁﬁ ot MADE- -
33 IF (LPzsgdel) GO TU 27
CMCHO = CHMupit e e o s
CMUPN = Lln(l)'LPQN(nXl)
IF (AGHETMIFO=TMIPR)} AToRpEN = o 35) 26726927 -
2o IF (ABS(CHMUFG=CUCPi) /CmbPiN = o09) 8808827
P - D . e
C  CALCULATE wbw CPXR(1r4) PRYFILE FOK NEXT FASS
C - . . N - P . - ot . -
c7 LU 95 1T1ernval
IF GaOutP2ers) b 3992579 3% -
C  CALCULATL awblunTeb AVeRAGE OF OLD AV&RAGED AND CALCULArEU PmOranS
- B - CREX S e A L r T ek PO e e :
L0 U bo
¢  AVERAuLL PribEint AN PAS) CALCULATEL PROFILES EVERY 5T PASS Tu SMOOTH
o7 CRARC(LP L) = (LPUX(L)+PCrOUX(1)) /2,
¢ STuke PReSerd cAklulnier PROFICE- — - —-
bo PCPUX(4L) = CPOA(T)
biy-  =GUN EFpe——r - - e i
CM\.P i = LI;\(l)‘LF)(I\(lIIJ"l)
TPs = "(5um+HHi*muﬁ(l)*fﬁlﬂ(l)-cpbh(l)))/HC
I‘" (THb‘L]CU.) IIJ - l-
CALL Umumi CHIRVSTr e TPb' the p1tR1 rKK)
ikl = ik l4k ACTK
e PEAL 2 —U#F4Ikeoauﬁ4&44P4w
ub'r(g) = Urt'(Tr.Su)uh(Z)'t-’)
UblPPLL) = DPH{TFSsoulP (1) p)

H ]

DCHUAR = nlidi)/ubite *(Ll"(l)—bPXH(l'NXl))
TMiFO = [MlFiv
Twlig = T=iFS

e e VL,UE_;_L;_J_&**_.Y.,-W. R e e
IF (LPe=%0) a29rcYrov
Ay WwRITE (orle) CPUX(eXy)
1b Furmal (//701Xes2nriunpBie Tu LONVCRbt ON CPS IN 950 TRIES .. CP{X/
AA) Teid o) :
wRITE (0)8s) GRALPYIGHAU
[P Y & S ;_Q__éo e e e e e i o -
29 GAMMA = )\b (/]’)5
sETA = =CPan{lenaiix RIFOPR(1)/ (KPXTPS)
KU = ALPHAR*EXP (=Gnph A
Lo ibd L=2 o iuk
WUUA = ACLR(L)/KCRLL)
-mn—~~H~~~@UUB-—LQL#M4¢L*NALLl#%LQL#AA4JJ¢M¢LLLL———~«n-~~— e
CPor(L) = LLH(#)-(JU'A*UUUL*(CIR(l)-CPXK(l'NKl)))
IF (CPSH(1) el aUe) CLHSRUII=ZU.
75¢ COWT Lnile
Lo 7bé izl eivk
QUUL = ACR{L) /KL (L)
e e U= SOl AP L) A0 R R L)) e s
CPoP (L) = LIPLL)=(au0CxuwyO N« (CPXR(Ly NXl)-CIR(l)))
793 Cunt Lidub
G0 TO &v]
=12 2O 18U iz=lrnenl
TRALL) = TH;—NRL*JHH(l)/KP*(CPXK(lval)-CPOX(l))
S ol 23 ¥ B SR U5 WS U .1 6 5 05 A DU — -

L8



180 Cuniinue - s SR
WRIIE (pe779)

779  FORMAT ~t/f/77 54 % *REACTANT AND PRODUCT CONCENTRATIUN PROFILES FOR
AF InAL lfLRAIIOH')
O 7—k=1rt T -

thlt {or25) mhACT1(1)'KhALTN(I)rRtACTN(I)rREALTN(I)'REACTh(I)v

A CAUXtITTERXRE by Py v et : =

23 FUORMA S (///LlX"X/H'oQK"CrA'rQXv'K/A'v9Xr'CPX'vQXo'X/A'o9x"CPX"
A FERYVRAAYrORAr Y CPX Y s OXr " X/ AV s OX v OPXY /-
A 21Xrnbr4(18ArAB) / (bXr10E12.6) )

e B T 1

T CO it e
WRLIE (orbe) LP2,CruX(iNal)
P4 FORMAT A///4XrdurvonCENTRATION GRADIENT FOUND AFTERfrI3r6H TRIES 7
A 4 KreTHCP (X)) o T PARTICLE SURFACt _vt12 5 )
DCPJDR = wePUXFEupPril)y - - me
TORAU = HC+(T=TPs) )
- g o s O P du AT FOR R -
33 FORMAT (QOAO’KLn(l)*(Cl“(l)-CPSH(l)) -'vE12.b / qu"Hp*(T TPS) =
ArbEl2eD)
wiRItE (wrlob) LCPUA
185 FOURMAT {50xr ' ShuPe Stypgizes)
I" (Pdlﬂﬂ..l'wt;.'“&') GO TV 2440
<ot =- ittt b ————— e
Clure = Clrla)=CPxs(ZsnAl)
KCL = nimitg)
KCe = Auk(2) 4
- GO TU «41
240 Cllrl = LIni2)=CHXv(2aiAL)
s <2 £ o S S B A T
KCL = wiple)
KC2 = nikid)
241 COwllnc
CICH3Y = Cur(l) = uPAP(LpNx1)
KLdV = Ker(l)
B o2 (= & w2 o 's S S0 B BT G T S e
TITP = 1 = iFS
WR1ITE (oyolU) CiCPLeCICH2eCLEPSY»TLITP
ollU FURMAT (/9Har'Cl=Crol = "yE1U5010X2'C2=CPS2 = "9sE10e5r10Xs'CAV=CPS
AAV S ' tU.brlUX» t=TPRS = s,E1lus5/)
en RETURI
e, __._.._..-.w___ s = - — i, i mmamn. e e e e e o n

k9



RIPT FOR TraPz - - - —mm o s
SUBKOUT LINE lRAPa (ALowEi xUHPER'NPART0R155UM)
C NUMERLCAL - IRjeoRATION UuSln TRAPEZO AL ME FHOD- -
¢ THIS ROUTIWE 1S USEU wHEW CP(X) PROFILE HAS NOT ALPEADY BEEN ULTERMIHED
i s e R e M P M S M K KPR K E P MR- MRy M- e e e
COMMOIN /7BLOLKL/ rvahobleZOCJ'CQ'Ml'MgpM3oM4rUUl'DUZv005'UOQVTS'

A - LCON rzENDy or ot 29 w 30 CF 3k v Ry DELHF » ALPHAVAOM s AEXP ¢ BEXP)
A ArAP s LELTACIV KPP MU PRIME» ZeNXO» ZETA» 2ZETAIN
COMpUN /plouKz/ CONSTrRPPRrPOWERRAZ) »POWERP (1) rrROM{2) v PSM(L ),
A RALEH{Z2)Y » PALPE (1) s KoM ALPHAK P NR e NP2 DOR(2) 2 DOP (1)
e e G MM N S KB A 2 W R R A K ERAR2 I K EPL) » EPORE2)» rEPSHE Py € IR (2
. A eCIP(L) vk () o MPLL) W PR(Z2) PP (L) pCPXR(29100)»CPXP(19100) vKUr
X CAROATCAMMA» e TR rNX L CUEFRA2 v COEFP 1) s HFACTRYRFACTR

COMMON /FLAGS/ MM rJdJJ
D IMENS Lo~ OAMMA (2 )y PEAMMA( 1} REXP(2) v S
A HtxP(l)vHKO(é)anO(l)'PAUTRM(Z)rPKOiR&(l)r
eGP A2 EP X 22 EP AP G2 Y+ CPXRRA 2 ) CRXPR (1)
C PEFIne RHET rURCTLON
REEIF{AarsetrirbEsrFro} = AxbxCHEXP(DRE* (1 e=F /61 /(1. +E*x(1a=F/G) 1))
C weFInke LinleoraANu FUrdCTIon
FOUFA{K»H) = X2 - - e
C ULFINL VP (X} FURNCTION Foilt RHET tuUATION
m = s --€¥=LH-—4-;(—f—¥—r£—)——-— gt ) A Yo=Y PPk 2 E AR e e e
MMM = U
WM = 2b- - Ce e
I+ (NPAHT.hu.lDu) nMzby
WS hPaE e - e
PART = WPARI
e e HE T AR e R A O R AR AR T e i
XPH = xtOoweR+HH
SUM = U-e e -
C CALCULATL CP{A) FUR nbY PARTICLE REACTANT FOR RH&TY (INITIAL pOINT
C OF PRUFLE) - AND POk l2 (FINAL- PULINT . OF RROFILE)
CPAR1I(L) = CPAF(XLUNKER» XOAPCPSR(1))
ST of £5°2 72 06 U0 WS = 3'4 W (0 WH PR 2 T = 1o V. WA ad 2L~ V3 (R 1 U Y S
IF (CPAN}_(L).L‘.U.) LPxK1(1)=0.
IF (CPARZ(L) ol s el CRARZ2L1)I=04 - — -
QUUL = UFR(1)/7LPR(Q)
QUOZ = COEFR{Z2) MR {2)ALC0EFRELIAMRIL) ) — - - -
CPARLI(g) = CPSR(2)+QUGL*QUO2* (CPXRL(1)=CPSR(1))
S —— hiakkgéL=4—~—~44»§kLL&JétuL#}kﬂuiLuhéiLLC£Q4H¢éL444=C+ﬁSR4<E¥J—-~«-‘» PR .
C CALCULATE (P(A) Fuk PAKTIVLE PROLUCTS
ce LO L1 I=1rb
GUULY = uPH(l)/UPP(l)
QUL = CREFP L) xmP (L) / (LuEFK(LIxMR{1))
CPAPL(L) = (PSP(D)+uL03*%QUUU*{(CPSR(1)=-CPXR1(1))
e e BB AR L GRSR (L) O SERUORCRCR L L ) =R X R L) ) e e
i1 conflnue
C CALCULALLE el FOR inwlT]1AL Awb FINAL PTS OF CP(A) PROFILE (KHETYI & RHET2)

e

QUOTAA = 1,
wuulay = 1.
WUUIBA = 1, -
e GUOEG = —_— e e
DU 12 I=31rhi

i
PONAA = CPARLIL) 4%’ (1)

POwWAL CPAR (1) xxi’R(1)

QUUTAA = GuUTAAXPULAA

QUUIAB = QUUTALAPOwAD
1z W@ ST

50



DU L3 Iz o - S mmemm s e e
PUNPA = CPAFL1{L)%x4PP (1)
POWLE = CPaP2 (L)Y xxrPP (T T T s me e e T
IF (PP(L)) 1U00s10UUL,10UQ
___rm_.%WDA - 1 ° PSS TG g A S
POwWBE = 1. ’
100U QUUTBA = QUUTBA*POWBA S
QUOTUY3 = uUUTUb*POhUL
13 COnTIntuE— - - S :
C ChAlCULATE UtHLRALléIJb TERM bSED IN RHET (FIRST PT OF CPX PROFILE)
Q\}l“}!v\ll - 90 ST s T s ST
SMTerv = 0,
C CALCULATE obmcRALLZ NG TERM - CADSURPTION) -
CONNUM = driAx{l.= PxRLL1)/CIR(1))
CUNDEN = -1, +BETA*x (L i=CPARLI (1)} /7CIREL) Y-
DV bub Iz1riR
R AMMA TR RoM
REXP (L) = puAmMA (L) «CONvUM/ CONUEN
RRU(1) = RacPrtl)*xexXP (=noAmmACT)-)
IF (CPARi1(1)) BUdrouB8royyg
ot9 RRKUTHMEE o KU 120X (1) x2POWERR (I} *kEXP(REXP(1))
GO 10 bly
-~ g 8 R R MU - e
oly SUMIRM = SUmTRM+RKUuTRM(L)
bt  CUml vk —
% LU 007 izl
PoAMMALL Y =-Pem{L)} /T -
PEAP (L) = poAMMA (L) CnlhiuiM/CONDRNRN
"mmm——~-P*v+&+"-—9ntPH+i+*t%P+-H6AmMA+£++ R
PRITRM(L) = HKU(l);L;le(l)**PUwERP(I)*LxP(PtxP(I))
SMTeRM = SyibrMePAuTML)
o007 COnIInNUE
ADDUKRY = (LunSTHSUM TRMEFDMTERM)-*%PPRP -
G = 1,/7A115UR3
AR S RS o FAA U O A+ AMMA P BE TR +CRXR L6 1) »CR X2 L) ) %
A ST T '
RHET1 = Ritel 1*xRFACIR
C CALCULATL THL GENERALIZING TerM USED IN KHET (LAST PT OF CPX PRUFILE)
SUMIRM < U,
SMTeRrM = U,
o AL G A Te— A R ed - T ER M — L L ENOM LI NATOR- Ok - GENERALLZ ING TERM)- e
CONMUM = Y ihA*(l,=uPxk2{1) /CIR(L))
CONUENR = 1l.+pblTax{i~CPXR2(1L)I/CIR(L))
U0 old izl
RGAMMA(&) = Mo /T
KREXF (1) = RUAMMA (L) *COniuM/CONUEN
e e R I R B L ) S AP B A MA L L)) P e
IF (Rao{l)s(PXR2(12) alYebllurlle
4l RKUTRML) = HAU(1)#LpXRé(I)**PUWERK(I)*tXP(REXP(I))
SUMTRM = Sum TMteRhuTRM (L)
old COWiLInuE
DU 615 Lz1l.t4p
e #WMH———M T R T
Ptxv(l) = PunmmA(l)*rONNUM/CONUtN
PROAI) = PALPHUL) *cxb (=PGAMMA(TL))
PKUTRM{L) = PRKUCT) «CPxPc (1) *4POWERP (1) *c XP(PEXF(I))
SMIEHM = SwIEKM+PRUTRM{1)
el CONTIduc
e e A S G- F LS A S TR M A T e M) PR L




etNtRL = 1 ZADSORG T T e s e s e e -
KHET2 = NHLTF(Ku'quTAd’QUO1bB:bAMMA:BETAvCPXR2(1)pCPXRd(l))*
A ot - - e -
REeT2 = rRHcT2*%¥RFACTR
e o = R 2T e —— - e e
17 MMM = 3

C
C - br6liv INICGRaITON USENG TRAPEZOTDAL METHOD — -
C
- e~ CRA U A TE - IS TAND—AST—HERMS—OF—ARPROXIMATING —SUM FIHRGF—-- - - -~
4 TRML = FOFX(XLOWERIKHETL) /2,
TRMz SFOFA{AUPPERTYRHETZ)Y /2o ~ -~
4y DO o J=1l,N
C - CALCGULATE CP(X)} -FOR nbY PARTICLE KEACTANTS (TO USE IN RRET TERM)
CPXKR{1) = CPAF(XPrsX0APCPSR(1))
e - — G ik G AT E -G PO FHERREACTANT—FO - USE- - RHEFY- - e -
CPXRR L) = CPSR(2) rqUOL*uUO2* (CPXRK(1)=CPSR(1))
C  ~CALCULATE CPHX) FOUR HARTIVLE PRODUCTS (TG USE- IN RHET)
LU 15 131y
CRXPP(1) - = L PSP +QUO AR QUUR{ CRSRL ) =CPXRR (1) }
15 conTInue
= e - o G A T T EX R e S O —— -—
GUOTA = 1.
QUUIB = 1w
LU 16 L=1r,.
ROwa = SbXprd F)#er K (1) SO ——
QUOUTA = (UUIA*PURA
— _1_0_ AT TV, & STy e e e e e e+ 2 2 e e e+ e o ee e
OO L7 i=1enpP
POWL = CrXpP (1)@ (1)
1F (PP(1)) 1uUbrluvo,lovusy
lubo PUWL < L, - -
1005 QUUIB = wUyiBxPuwd
e S A a & = S 1 =7 e P S
C CALCULATE uENLRALlélwu TERM FUR RHET (FOR INTERMtDIATt PTS ON CPX PROFILE)

SUMIEM = 0.

SMTekEM = U,

CONNUM = BRIAR(L,=uPXRRULI/CIREE)) o
CONuENN = 1 +uETA%(le~CPARR(1)/CLIR(1))

SRS T § W S5 DO % WPR N
RGAMMA(L) = ROM(I)/T
REXFP (L) = reAMMA (1) £ContgM/ CONDEN
KKU(T) = RALPHUL) #c XF (=RGAMMA (L))
KAUTRMAL) = RKUCL)#CPXRE () #xPOWERR(I) *EXP(REXP (1))
SUMTHM = SumTRM+FRKUTRM (L)
SRS o 1~ N o 0 ITVR 0 S¥ 11 5
DO 22 lzl,iww
POAMMA(L) = PGM(L)/]
PEXP{L) = p#UAMMA (L) xCONNUM/CONLEN
PKUCL) = PaLPHL) s xP{(=FGAMMA (L))
PROTRA(L) = PRUCL)*CPXPP (L) »xxPOWERP (1) % XP (PEXP (1))
e SM PR S ST ERMAER I TRM L)
623 CONTIiuc
ADSURG = (LunSi+S5JmTrM+DMTERM) xxPPP
GENERL = 1./7ADSURE
RHET = REHEGF (KU 2 QUUTA » QUOTE s GAMMA» BETAPCPXRR (1) ¢ CPXR2 (1) ) *oENERL
RrHET = WHE (*FACTI
e e e e L M e AND ot T L Qe M= e —
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IF (JdiGteot RETURN - e

QUM = SUMHFUFX{XPH» RHET)

A b

e bl anded b i
ATTT = AT TIYy Iy

CONIInue

RIESUM = Hri® ¢ TRM1IFSUMEFFRM2) —— - mom s o o
99  RETURW
o ENU - S -
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WIPT FOR 1ABLES - e e e e
BLOCK DATA
REAL -MULVSTyMUZVST rMU3YST e MUSVST - - - - -
COMMON /TApLES/ AVJZ(QQ)'APvSZ(99):UELVSZ(99)oHNV T(36) 1 MULVST(34)

e e e A TG S S-SR e MU VS TR Y ) CF VS T(38 ) CR2VST (34 )y
A bFﬁVI(BQ)IhFJbT(éd)'CFQVST(dU)OVPVST(SG)'TVCVP(éb)vUHCVST
A - k24 : —mos
C
C  TAslLE oF HEAT -Ur-REACHIGH w R, T+ H2 VS-TEMPERATURE (DEG R)
DATA (MRVST(I) v I=10v36) 7/ Uer 1or loer 04
- —_— FEMPERATURES————— o - e -

A O ' 18U v 3600« ¢ 720, ’ 1080. ) 1440 ¢
X RO -7 2168 - 25284 2880+ v 3240, 3600¢ ¢
A 59000 ’ 45200 [ 46t0. ’ 5040, ’
C cese e e HERTS OF - REACTION :
X °b-09oc+4v =5el2B8otldr =5.141E+4r =5,182E+4r ~5:223E+4s =~5,259E+4 ¢
e s e By PO =Sy St R By SEIE =5 3UOE =D s 30 LEHy =D FTOEFL
A =He379E+4r =Hed80it4)r =H392E+4y =5,398E+4 /
C . . . - e e
C  TauvlE UF VAPOn PRESSURE (PS1A) VS TEMPERATURE (DEG R)
DATA (vPVYSTLIIviztr3e) 7 Uer LTovrtoer Oy -

C TLMPLRATURES
e K e Sy e iy Ry g G~ — 22— BB E - e - GBH ’
A 727+ o 768« T88e @ 818, o 8424 877«
A U5 ’ Y27 ’ 1085¢ 1155, - »
C PRESSURES
- A Yed - -r - Lal- ’ 2:0 - r-- 540 ) 10 ) c0s 4
A +0 B J 7bo ’ 100, ’ 150. ’ 200. ’ 300. ’
e ey 1 S  § 8 & B B 4 N 4 R L T O T eI
C
C  Tawlbt vF TEMPERATURE LWEG 1) VL VAPOR PRESSURE (PS1A)
DATA (TVSVP(L)el=lr3n) 7/ Uer ler 16er 0o
- HRESSURES -
A Use . ¢ JeD » 1.0 [ 2.0 ’ 3¢9 [ Hel ’
B T T = = T 1§ R = e & e S s Sath IR 7 ¢ CHEEEY S
A 4U, ’ 50. ’ 79 ' 100. ’
C - - TEMRERATURES -

A 5135, ’ 540 ’ 562 ’ 586 ’ 608. ’ VL2 e ’
A bbU. - ’ OD3 e ’ 673 +- --68BBs - ¢ 700« -+ 710, ’
A 7270 ] 7410 ’ 7Db0 ’ 788- /
e B et it e i e - e o e e
C TADLE uF LelTa HtA‘ I LCONUENSATIUN VS TEMPERATURE
DATA (LhCVLTAI)vI=ie24) / Uer Lev LUsr Ugr
C TEMPERATURLES
A H13. ’ 02 e ’ 55b- ' 622 ’ 653. 4 o888, ’
A 71U' ’ 7“1. ? 768. ’ 7880 ?
e Qe e e DR T A-HEAFS - DK CONDENSATION - —ADHMC )} — — e mome e e
A 1UO4 s [ 1056, ’ 1022, ’ 1001. ’ 982. ’ 90, ’
A 9“3- ’ 9&4' 1 4 90“0 14 8890 /

C

C

C o0 e 0N FUUR VIbCOSITY TA”LtS FOLLOW L Y R )
N G e e e e N e

C TAULL UF e VisCOoSLTY (LB/FT=-5eC) VS 1EMPERATURE (DEG R)

UATA (UL VLI{IYelZir24) / Der ler 15er U,
¢ ' TEMPERATURLS
P S 150U [ S6U . ’ Tl ’ 1080' ’ 14“00 ’ 1800, 4

A clobe 2520 28804  » 3240, » 3600e 0 3960 f
(SR S YN 0.1 § WSS 3> VT P S ¥ § ¥ 7 § I S - .
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C . oo H2 - VISCOSITIES
A 2659 E=b1r U447 c=tr T7+30 E=6r 954 E=Hr 1148 E=6r 13.29 E=61+
X 14,97 C&6r 1&eDY4 L=6y L0 E=67 19,487 E<Br 20.84 E~6i 22,10 E~67
A 2345 E£=6r Z4e068 L=gr 25.89 E=0o/
L™ ——ie s - i e maa e
C Tawblb OF ue VISCOSITY (Lp/r1=Sel) VS TEMPERATURt (UEG R)
DATA (muUvsitI}si=Xo34) /A-Osr Levr 15er Oy
C TEMPERATURES .
A 1dUs » 0 36Ue 720% v — 10886, -y - lu8Q0. - 1800,
A cloue 2520« » 26880, 3240, o 360Ce o 3960,
e IRy %ot S8 G : v a
C 02 vISCOSITIES
X Delb b=y 994 L=Hr L7240 E=bp 22:94 E=6r 2787 E=pr 32,30 E-=6r
A 30633 L=0r 40+10 =69 43.74 E=-b>» 47 29 E‘6' S5U«65 E=6r 53.9U E=67
X 57e035 L=ty DUeuUB L=t 03 U0F E~t/

(9
g AT o2 O AP OIO v 1S5 C0R TR EEAF TSR G VS— TEMPERATURE  (DEe R
DATA (WmUBVLI(D) 2 IZ09e32) / Qer Ller 1560 Uor
C : - TEmMPERATURLES
A 3bbe 720 o 1680s » 1440, o 1800 ¢ 2160. r

A 252U V 2884 * Jeube v 3600, v 3960 ' 4320 ’
A 468U ’ SU4U. ’

D ~ i - PR POR)I VI SCOSITIES - - -
A H.l8 =By .02 t=br L4444 E=br 19¢35 E=6¢ 24, 10 E-ov 2867 E~-61
X 32.99 b£~bs 37sUT cwtr 40:92 E=br 44.60 E=H2 4bell E-6r 51,49 E~6r
A D4TS =Dy HTs87 CL=e/

AT A B S S S et B O 0
TEMPERATURES
A 18U, ’ S6U« y 720, v 108v, ’ 1440, ’ 1800 ’
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X 4320 r Gol8d. ’ 5046+ »
C HE v1SCOSITIES
e i e Ay by 1 w DNtk v Emp 2 i 4 3 E=6r - 25v80- E~6r- 2979 E=H0
A 33,50 E=6r 37Ul =ty 40ed4 E=br 43.52 E=6r 4658 E~69 49,54 L~6+
A 52440 L=Br 5Hel7 L~gr 2787 E=b/

¢ .
C TAbLE UF he VISCOSITY (LB/r7=-5cC) VS TEMPERATURE (Utb R)
C
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[ SO - — e e
C TAulLE UF he SHLCIFLC HEAT {sTu/LB=UEG KR) VS TEMPtRATURE (Dtb R)
DATA (CrRIVST(L)»ISie34) / OGer Ler 15492 Do
C TEMPERATURES
A S0U. ’ 108U [ 1260, v 1444, ’ 1620, 1800 ’
A zlbue v 2b20¢ » 2880. » 3240, ¢+ 360U. ¢ 3960. 7
s = e A Bt g - Az i e - PPN YT TS « B —— e mmemmesie e -
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A Sed407 Seb F4 J.487 34509 3539 o 3.577
A JQD?U y 5!7/&'3 [ 3.572 [4 30966 ? 40050 ? 4|126 ’
X 40196 ? QCZDJ i 4 40306 /

-

-
-

C

S Taubke UF 02 SERCLELIC neaTl AgTU/LB=DEG R) VS TEMPERATURE -{DEG R}
DATA (CFeVLT(1)e1=1e34) / Oar ler 15er Gor

C ) TEMPERATURES
X 13U » 36U ’ 720, [} 1080, ’ 1440. ’ 1300, ?
A 21lbue ' 2b2Us. ¢ 2880, ¢ 324U, ’ 3600« ¢ 3960 '
X 432U ’ 4640, ’ S5040.
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A W2L7 v w217 e w22ty e239 -y 4251 0 .260 0
A w206 5 w270 0 e274  » 4278+ 4281 ¢+ .285 ¢
X 288 s #2919 wez94 /- - :

C .
o FAB L E QR H2 O VAR OR - S RE CTF L~ HEATHABTU/LB=DEG R} - ¥5 -TEMPERATURE - -
DATA (QFQVI(I)'I 1934) 7/ Oer lor 1549 04y
c TEMPERATURES -
A 180. ’ 36U ’ 720 ’ 1080, ’ 1440, ’ 1800. ’
X 21606 # 2520 ’ 2880 v 3240, - 3600s - v 3960 »
A 4320 4680 4 5040,
A P LY R HEAT S OFH2 OV APOR Y e
A G4 uD ] edyli V 403 ’ 480 ’ +512 ’ ' SUD L4
X 2579 ’ 1009 ’ 836 - ¥ 659 ’ «678 ’ ° 694 ’
A e TUY ’ s7'>1. ’ n731 /
C
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Y e T I A R
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C SPECIFLIC HEATS OF H20 (SOLID)
A 227 ’ s d2U v « 367 PRS2 ’ 4o2 ’ 52 /
C
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P, _.h.Nu,. e o D e+ v 4 e ¢ e+ < e e — e o e e e e = .
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C
11 = L&+} -
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ez & - Co e
LE (T(LI)=3%.) 700,701,702
i 4 1 R o o e B B s B A A L e R -
T04 I (T(il)=24) 705r 700,701
745 1t = 1 i :
Gu VU 7U
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707 ne= 1
= T I B .
702 N1 = N +}
YU 90 & = Lle4l
IF { T(L) + U V00951
ou KK = =i
ZL - Ue
. . ‘t?g' N - 9.9%._ B OO
51 WA = [l
iF (Tin+l) + ue ) OUrs2I5U
5e NY = J
LU -F0-03
5U Y = T(L+1l)
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Jl = ll+¢
T LA T O B J— — R
IF(Ar=T(J1 ) 3023009400
QUU by 3‘U¢ d;\leJ;ﬁ
IF (Xa=T(J)) oubrduygr3du2
Sue  Cculil Inbe -
SU9 KK < e
P SN T N B — SRS
S0B  JXL T Je-iv
U 10 sub
JUl KK =}
XX = 1(ul)
206 JX1I = ul
JEU IR YUFIRUES: S N 5 USSP e
Sk Ir (Jedl=1) 301,30L»307
Su7 Ir (J=uz) Jude3U0r3uY
303 Jrl = u=NZ
SU5 COwlInbe
AINT = xa
e L L) Loyl inuNedMYU
1500 vuU 1599y L=1lsva
ALL) = Tlual)
LY T Uxl t+ oA
YiL) = Tuy).

e Gm

SUbhkOU T EIiNe UNBAR (T IK*Xitnr YInrZZ oK) -
DEIMENS LU T(1)rA(u)rY(6) 1A(B)

JX1 = JXitl
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G0 10 by
JYUU J1 = ul4ix
J2 = J2¥NY -

IF(YY=T(J1))3llr31lus401

—— 4yt oItz sy
IF (Yy=T(J)) Ol4r3Llr512

d12 CUnt Ihue - -
319 KY =

YY = Fey2) o
318 JYL = ue=N
SO—FO—51 5
311 KY = 3
YY = T(ULkr
3l UYL = Ul
SU T 815 e
314 IF (Jm=Jl=1) 31193109317
I S A L s R

313 UYLl = u=ii2
315 CunNlinc

JX2 = Jxl
LY S o+ Y (Jdag=1i-t)
LYl = LY
R~ LS - i S S
xlia) = 1 (dag)
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JUYY JXe = Jxetid
I T U
T B
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VU wé¥yu L=l
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UC 4U,u MM=1rel
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H910721 FIG. 2
AXIAL CONCENTRATION PROFILES FOR A LOW NOMINAL CHAMBER PRESSURE
NOMINAL CHAMBER PRESSURE = 10 PSIA (6.89X104 N/M?)

FEED TEMPERATURE =210 DEG R (117 DEG K)
FEED MIXTURE RATIO = 1.0 LB 0,/LB H, (1.0 KG 0,7KG H,)

NO HELIUM DILUTION

MASS FLOW RATE = 1.28 LB/FT?— SEC (6.25 KG/M?2 —~ SEC)
BED CONFIGURATION: ALL 14-18 MESH CATALYST PARTICLES
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H910721 FIG. 3
AXIAL MOLE-FRACTION PROFILES FOR A LOW NOMINAL CHAMBER PRESSURE
NOMINAL CHAMBER FRESSURE = 10 PSIA (6.89X10 4N/M2)

FEED TEMPERATURE = 210 DEG R (117 DEG K)
FEED MIXTURE RATIO = 1.0 LB O, /LB H, (1.0 XG 0y KG H,y)

NG HELIUM DILUTION

MASS FLOW RATE = 1.28 LB/FT 2 - SEC (6,25 KG/M2 - SEC)
BED CONFIGURATION: ALL 14-18 MESH CATALYST PARTICLES
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H9 10721 FIG. 11
AX]AL CONCENTRATION PROFILES FOR A HIGH NOMINAL CHAMBER PRESSURE
NOMINAL CHAMBER PRESSURE = 100 PSIA (6.89 X 10° N/M?)

FEED TEMPERATURE = 210 DEG R (117 DEG K)

MASS FLOW RATE =5.25 LB/FT2 - SEC (25.6 KG/M? — SEC)

FEED MIXTURE RATIO = 1.0 LB 02/LB H, (1.0 KG o, /KG H,)

NO HELIUM DILUTION
BED CONFIGURATION: ALL 14-18 MESH CATALYST PARTICLES
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H910721 - FIG. 12
AXIAL MOLE-FRACTION PROFILES FOR A HIGH NOMINAL CHAMBER PRESSURE

NOMINAL CHAMBER PRESSURE = 100 PSIA (6,89 X 10° N/M 2)
FEED TEMPERATURE = 210 DEG R (117 DEG K)
FEED MIXTURE RATIO = 1,0 LB O, /LB H, (1.0 KG 0,/KG H,)

NO HELIUM DILUTION
MASS FLOW RATE =5.25 LB/FT? - SEC (25.6 KG/M? - SEQ)
BED CONFIGURATION: ALL 14-18 MESH CATALYST PARTICLES
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